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Preface

Brachial plexus surgery remains an innovating field within functional reconstructive
surgery, especially due to the expanding use of nerve transfers in the last twenty years.

Dealing with patients suffering from a brachial plexus or related lesion, either
obstetrical or traumatic, infection or tumor, nerve compression or rupture,

is a permanent challenge. Better techniques in nerve transfers and their use for
tetra- or paraplegia, spasticity, or arthrogryposis are examples of advancements

in the field.

Our wish is that this book allows further insight and discussion, stimulates experts
and newcomers, and adds to our global knowledge of brachial plexus injury and
treatment.

I wish to thank the staff at IntechOpen, particularly Project Manager Karmen Daleta,
for their assistance throughout the publication process.

Jorg Bahm

Division of Plexus Surgery,
Department for Plastic,
Hand and Burn Surgery,
RWTH University Hospital,
Aachen, Germany
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Chapter1

Introductory Chapter: Treatment
of Brachial Plexus Lesions - A New
Transdisciplinary Approach

Jorg Bahm

1. Introduction

A discipline is defined as a group of experts sharing the same body of knowledge.

There are several medical and also surgical and other disciplines involved in
peripheral nerve reconstruction, such as neuro-, plastic, orthopaedic or hand sur-
geons, physio- and occupational therapists, neuropathologists, and bio-engineers.

The neurosurgeon is considered an expert in surgical treatment of pathologies
within the central and peripheral nervous system and has particular knowledge in
nerve anatomy, the physiology of nerve de- and regeneration, direct nerve repair
techniques, microsurgery.

The orthopedic surgeon has specialized in bones and joints static and dynamic
corrections and functional surgery of the lower limb, whereas the plastic surgeon
deals with soft tissue and microsurgery and performs muscle and tendon transfers
as well as small vessel and nerve microsurgery—hand and peripheral nerve surgery.

These attributions are of course country/continent dependent.

Giving an image to possible interactions between disciplines, a multidisciplinary
approach assembles several disciplines in parallel, like several fruits placed in a
basket. The routine interaction is interdisciplinary, like fruit pieces in a fruit salad. A
transdisciplinary approach raises totally new issues, like in the creation of a smoothie.

2. The concept of transdisciplinarity

Already in 1970, Jean Piaget stated that “ a child is not a small adult.”

In 1996, the French-Romanian physicist Basarab Nicolescu published a “mani-
fest” about transdisciplinarity, where he developed it as a strong concept, but open
and tolerant, transgressing frontiers between disciplines. He cited quantic physics,
where the quantum (M. Planck: discontinuity of energy) may be seen as a particle or
wave. There is also the time-space indeterminism (Heisenberg) and thus different
levels of reality. Facing complex issues, one observes multiplication of disciplines.

Stephane Lupasco, a French-Romanian philosopher, introduced the “ included
third”: Extending the concept of “ A and non A” known in classic physics with the
addition of a third status (being neither A nor “ non A”) in quantic physics.

Transdisciplinary approaches are actually seen in science, like physics; in medi-
cine, like for general practitioners [1], in psychiatry-psychoanalysis, for example, in
the treatment of psychopathy [2], emergency care of polytraumatized [3], oncology
[4], and geriatrics [5].
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It has to be distinguished from translational medicine (“from bench to bed”).
We also find it in nursing, overall in palliative care [6] and even politics—like in
Bhutan, the concept of “gross national happiness.”

3. Examples in reconstructive brachial plexus surgery
1.think beyond the nerve repair one to one

Some target nerves are more important than others for functional recovery. In
obstetric brachial plexus palsy, the re-innervation of the suprascapular nerve is
mandatory for a dynamic rotational equilibrium of the glenohumeral joint, a condi-
tion allowing congruent development of the joint partners and preventing dysplasia
[7]. Thus, in specific conditions, this nerve must be targeted separately by a good
motor donor nerve, like the distal/caudal branch of the spinal accessory nerve [8].

2.think beyond the nerve alone: transfers of one or two motor intercostal nerves
onto the thovacodorsalis and thoracicus longus nerve allow to re-innervate during
primary surgery such major target muscles than the latissimus dorsi (transferable
for elbow flexion or extension later on if needed) and the servatus anterior (stabi-
lizing the scapula, mandatory in case of a later glenohumeral arthrodesis in adult
patients).

3.think global: Glenohumeral arthrodesis may be a late option to recreate a stable,
and basically mobile shoulder.

4.think life quality: consider the specific treatment of neuropathic pain, the vare
indications for amputation of a flail limb.

5.integrate all aspects and tissues in your strategy, beyond your own basic specialty/
discipline!
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Chapter2

Nerve Transfers for Restoring
Elbow Flexion in Brachial Plexus
Palsy

Teodor Stamate and Dan Cristian Morvaru

Abstract

Nerve transfers (NT) consist in sectioning a donor nerve and connecting it to
the distal stump of a recipient unrepairable nerve. For elbow flexion restoration
in brachial plexus palsy (BPP) we used different NT: 1) GF motor Ulnar Nerve to
Biceps nerve (Oberlin technique), 2) Double fascicular median/ulnar to biceps/
brachialis nerve transfer (Mackinnon), 3) InterCostal Nerves (ICN) to MCN
(+/— nerve graft), 4) Medial Pectoral Nerve (MPN) to MCN, 5) ThoracoDorsal
Nerve (TDN) to MCN, 6) Spinal Accessory Nerve (SAN) to MCN transfer,
7) Phrenic Nerve (PhN) to MCN, 8) Cervical Plexus C3-C4 to MCN and 9)
Contralateral C7 (CC7). I want to present my personal experience using the phrenic
nerve (PhN), the intercostal nerves (ICN) and Oberlin’s technique. The aim of
this retrospective study is to evaluate the results of this procedure in BPP. NT is an
important goal in BPP. ICN transfer into the nerve of biceps for elbow flexion recov-
ery is a reliable procedure in BPP. ICN transfer for triceps offers a positive alterna-
tive (Carroll transposition). Oberlin technique is simple and offers better results in
a shorter amount of time and is an effective and safe option.

Keywords: brachial plexus, nerve transfer, elbow flexion

1. Introduction

A complete functional recovery is the ultimate goal in the treatment of brachial
plexus injury. However, in most of our patients, this goal cannot be achieved due to
the severity of the injuries and the restriction of donor nerves.

The priorities of functional reconstruction in brachial plexus injury have been
set as follows [1], in order: 1) elbow flexion; 2) shoulder abduction; 3) wrist and

finger flexion and sensation in the median nerve distribution; 4) wrist and finger
extension; 5) intrinsic muscle function.

2. Nerve transfers
Nerve transfers for elbow flexion are:
1. Motor fascicular groups (FG) Ulnar Nerve to Biceps nerve (Oberlin technique)

2. Double fascicular median/ulnar to biceps/brachialis nerve transfer (Mackinnon)

9 IntechOpen
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3. InterCostal Nerves (ICN) to Musculocutaneous nerve (MCN) (+/— nerve graft)
4.Medial Pectoral Nerve (MPN) to MCN
5.Thoraco Dorsal Nerve (TDN) to MCN
6. Spinal Accessory Nerve (SAN) to MCN transfer
7.Phrenic Nerve (PhN) to MCN
8. Cervical Plexus C3-C4 to MCN
9. Contralateral C7 (CC7)
2.1 Motor FG ulnar nerve to biceps nerve (Oberlin technique)

In 1990 - Oberlin proposed the transfer of motor FG’s from the ulnar nerve
to the biceps branch of the MCN without an intervening nerve graft; the motor
branch from the musculocutaneous nerve to the biceps muscle and the ulnar
nerve were found at the midarm level [2]. After performing a 2-3 cm longitudinal
epineurotomy in the ulnar nerve, one or two fascicles are found and sutured end to
end to the branch of the nerve to the biceps by 3 or 4 stitches of 10-0 nylon. 90%
of the patients achieve better than MRC grade 4 elbow flexion with the Oberlin
technique [3]. Intraoperative electrostimulation to identify motor FG’s of the ulnar
nerve is mandatory [4]. The contraindications for Oberlin technique are: lesion of
C7-C8-T1 (electromyography (EMG) before surgery on the donor nerve — ulnar
nerve — is mandatory); long delay between injury and surgery (Figure 1) [5].

2.2 Mackinnon technique

In 2005, MacKinnon proposed to modify the original Oberlin procedure to
include reinnervation of the brachialis branch of the MCN using the motor FG’s of
the median nerve [6]. The ideal median nerve donor fascicle contains nerves to the
flexor digitorum superficialis (FDS) and flexor carpi radialis (FCR) and intraopera-
tive electrostimulation for motor fascicle of median nerve causes wrist flexion [7].
Several reports have been published comparing single and dual reinnervation, and
despite the intuitive logic that more is better, the most recent prospective random-
ized trial did not demonstrate any difference in objective outcomes between the
Oberlin procedure versus MacKinnon technique (Figure 2) [8].

2.3 Intercostal nerves (ICN)

In 1968, Tsuyama and Hara suggested the transfer of two or more intercos-
tal nerves (ICN) to the Musculo Cutaneous Nerve (MCN) [9]. In 1978, Celli
neurotized torn roots of the brachial plexus (preliminary note on the surgical
technique) [10]. In 1984, Dolenec performed various neurotizations using the
ICN into MCN, radial, axilar or motor FG of ulnar nerve (sural nerve graft
interposition) [11]. In 2003, Oberlin used an intercostal nerve transfer to
neurotized triceps [12]. The transfer of ICN to MCN or to Radial nerve (long
portion of triceps) are the 4-th choice. Each ICN presents approximately 1200
axons but we must not forget that: ICN 1 participates to the BP formation; ICN
2 is very small and with no motor fibers; ICN7 — ICN12 have very few motor
axons - only up to 20%; ICN-3 to ICN-6 are used for neurotization of MCNj
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Figure 1.

Obgerlin technique: a) 8-10 cm incision, internal bicipital groove; b) MCN motor branch identification
destined to the biceps, longitudinal epineurotomy 3—4 cm on the cubital nerve with the identification by
electrostimulation of motor 2-FG; c) by internal neurolysis in the MCN trunk, the FG destined to the biceps
are sepavated, sectioned at 3—4 cm proximally, the ends being transcended towards the ulnar nerve; the

same procedure is done for the ulnar nerve FG, which are sectioned at 3—4 cm distally, so that the proximal
transcended ends come in contact with the MCN FG ends; neuroraphy, motor FG from the UN to the MCN FG
destined to the biceps, done without tension, with 3—4 points, nylon 9.0 or 10.0.

Figure 2.
Mackinnon technique: a) Oberlin technique; b) FG isolated from the median nerve is connected to the MCN
motor branch destined to the anterior brachial muscle [6].

30-45% motor axons lose 10% of motor fibers to every 10 cm from the axil-
lary line [4]. We prefer the surgical approach to harvest the ICN proposed by
Hanno Millesi also used by David Chuang (Figure 3) [13]. ICN harvestisa
technique requiring meticulous approach and careful dissection with proper
hemostasis, preserving the serratus anterior muscle insertion [14]. We prefer
the Oberlin technique because IC vasculo-nervous bundle is harvested without
dissecting it, avoiding excessive bleeding (Figure 4) [15]. Minimal invasive
robotic surgery has become possible today in centers equipped with surgical
robot system - Da Vinci [16]. The ICN are connected to MCN by sural nerve
graft (Figure 5). The indication of the NT with ICN are: 1) restoration of
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Figure 3.
Intercostal nerves: Meticulous preoperative planning for the surgical approach.

Figure 4.
The intercostal nerves — Harvesting ICN technique: The dissection is difficult and with important bleeding; the
Oberlin technique allows for the ICN isolation without major bleeding.

elbow flexion is the first goal in brachial plexus injuries [17]; 2) ICN to the
long head of the triceps nerve - for the restoration of elbow extension without
nerve graft and afterwards, the reinnervated triceps can be transferred to the
biceps (Carroll Technique); 3) gracilis free muscle transfer reinnerverted with
ICN for elbow flexion [18]. We prefer to associate ICN transfer to MCN with
Direct Neuro Muscular Neurotization (DNMN) to the denervated biceps and
we consider that this improves the results (Figure 6).

The contraindications for ICN transfers are: ipsilateral phrenic nerve palsy,
Serratus anterior muscle palsy or rib fractures [19]. The complications to use ICN
are: 1) a variable degree of ipsilateral pulmonary atelectasis in infants [20]; 2) pleu-
ral rupture is in the opinion of some authors the most frequent complication [21].

2.4 Medial pectoral nerve (MPN)

MPN are 73% composed of fibers from C8 and T1, contains approximately
1,100 to 2,100 motor fibers, its surgically obtainable length is of up to 78 mm and
has a mean diameter ranging between 1.4 and 2.7 mm [22]. The pectoral nerves -
namely the lateral pectoral nerve (LPN) and the medial pectoral nerve (MPN) -
are joined together by the pectoral loop. MPN innervates the lower pectoralis
major and pectoralis minor muscle and may have connections to the intercostal
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Figures.
The intercostal nerves — connected to sural nerve graft: depending on the quality and length of the harvested
sural nerve, 2 ICN may be connected or even one ICN to a sural nerve segment.

Figure 6.

Thge intercostal nerves — divect neuro muscular neurotisation — giorgio Brunelli technique: (a) each ICN is
connected to a sural nerve graft; b) the biceps extremity of each graft is opened wide c) the grafts must be long
enough to allow arm abduction; d) the nerve fibers from each graft are inserted at different depths in the biceps
muscle; e) a nylon 10.0 point is placed at the level between the perimysium and the epinerv to ensure stability.

nerves [23]. The redundant innervation of the pectoralis major by the medial

and lateral pectoral nerves allows for a continued pectoralis function after MPN
transfer [7]. The MPN harvesting technique is relatively simple by a deltopectoral
incision that highlights the infraclavicular plexus and the medial pectoral nerve
is identified by electrostimulation; the branches of the medial pectoral nerve

are sutured to the distal end of the branch from the biceps directly, without the
interposition of a nerve graft. The MPN is dissected to obtain a sufficient length
and is then sectioned; the MCN branch destined to the biceps is isolated on a suf-
ficient length to allow a no tension neuroraphy with the MPN [24]. This transfer
is indicated in patients with C 5,6 or C 5,6,7 lesions but with a good strength in the
pectoralis major (Figure 7).

13
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Figure7.

Medial pectoral nerve (MPN) to musculocutaneous nevve: a) MPN dissection and isolation to 2 ICN; b)
connecting the sural nerve grafts between the MPN and the biceps branch from the MCN and each ICN with
a graft which has been widened at the biceps extremity also for the DNMN Brunelli technique; c) double
neurotization: MPN to MCN + ICN to biceps (DNMN).

2.5 Thoracodorsal nerve (TDN)

The TDN is a motor nerve that originates from the posterior cord C7, C8 and less
frequently C6-C8 [25]. The length of the TDN is 12.3 cm, the diameter ranges from
2.1 to 3.0 mm and the myelinated fibers range from 1530 to 2470.

TDN is a motor donor nerve useful in recovering elbow flexion without nerve
grafting [26]. The TDN harvesting technique is made through an incision oriented
at the level of the lateral border of the latissimus dorsi muscle with the upper limb

Figure 8.

Spinal accessory nerve (SAN) to MCN: Motor FG from the SAN identified through electrostimulation were
connected to a sural nerve graft which allows the connection to the biceps branch from the MCN avoiding
retroclavicular dissection through scar tissue.
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at 90° abduction. After a distal to proximal MCN intraneural dissection, the TDN
is connected to the FG of the MCN for the biceps muscle and to the FG for the
brachialis muscle. TDN transfer to the MCN provides recovery of elbow flexion in
90% of cases [27]. TDN can be useful for neurotization of other nerves: axillary,
suprascapular, spinal or anterior serratus [28].

2.6 Spinal accessory nerve (SAN)

The SAN contains approximately 1500 motor axons (C1 to C6) and was first
used for MCN neurotization in 1980 by Marcelo Rosa de Rezende [29]. The SAN is
harvested by an anterior approach for transfer to the MCN connected with a nerve
graft (Figure 8) [30]. The posterior approach is used for transfer to the supra-
scapular nerve (SSN) or associated with the triceps branch transfer to the axillary
nerve [31]. Evaluating elbow flexion after SAN to MCN transfers have established
MRC = M3 or better in 65-83% of patients [7].

2.7 Phrenic nerve (PhN)

In 1990, Chinese surgeons performed the first phrenic nerve transfers to the
MCN to recover elbow flexion [32]. To avoid dissection through retroclavicular scar
tissue we prefer in the transfer of the phrenic nerve to MCN a long bypass nerve
graft of maximum 10 cm (Figure 9). PhN contains 800 myelinated motor axons
(C3, C4, C5) and is a good donor nerve but we should not forget its contribution
in the respiratory function [33]. Phrenic nerve (PhN) transfer to the MCN is not
recommended in patients with previous pulmonary diseases or for children under
the age of two years [29].

Figure 9.

Phrenic nerve (PhN) to MCN: a) PhN, Cs root and ASN evidentiation; b) to avoid retroclavicular scar tissue
area, we performed a long nerve grafts bypass; c¢) connecting the nerve grafts: PhN to MCN, Cs and ASN to
MN and UN; d) and e) recovery of elbow flexion after 9 month.
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Figure 10.

Cervical plexus + spinal accessory to MCN transfer; combined neurotisation (NNN + DNMN) by nerve graft
C3 + C4 + SAN to MCN + biceps - a) dissection of the C3 and C4 anterior rami of the cervical plexus; b)
proximal neuroraphy; c) DNMN associated.

2.8 Cervical plexus C3-C4 to MCN

In 1984, Georgio Brunelli and Monini L. proposed to use the anterior motor
branches of the cervical plexus. The anterior branches of the cervical plexus have
approximately 14 000 myelinated axons but the distance of coaptation of the C3
and C4 anterior branches to the target (MCN) requires an intervening nerve graft
[34]. We prefer to associate the transfer of anterior branches of cervical plexus with
SAN and DNMN to MCN (Figure 10).

2.9 Contralateral C7 (CoC7) transfer to MCN

In 1992, a group of Chinese authors published the use of CoC7 and obtained
good functional results considering that the procedure opens new perspectives
in total brachial plexus paralysis [35]. In 1993, David Chuang used CoC7 as a
source of neurotization, which he connected to the PB via a long graft from the
sural nerve. After one year, in the second operative time, axonal growth was
verified in the sural graft and neuroraphy was performed at MCN [36]. There are
three different ways to harvest CoC7, including the whole root, 3/4 of the root
and half (1/2) of the C7 root, respectively, and the functional recovery is much
better in the whole root CoC7 transfer group - which provides a large number
of donor nerve fibers - than that for the group with partial transfer [37]. CoC7
nerve transfer via a modified prespinal route and direct coaptation is not suitable
because of the high complication rate: severe bleeding due to vertebral arterial
injury during the procedure, temporary recurrent laryngeal nerve palsy, pain and
numbness in the donor site during swallowing and dyspnea [38]. Because of the
donor site morbidity after the (CoC7) transfer was relatively high, of over 20%,
although the C7 has a large number of fibers (8467 + 1019), it remains the last
option [39].
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3. Conclusions

Nerve transfer in elbow flexion recovery provides results. The choice of tech-
niques in nervous surgery depends on: the type of lesion, the presence of the roots
that can be grafted, the time between the accident and the intervention [4]. The
association of the 3 methods: 1) neuro-neuronal neurotisation (NNN) = NT with
2) direct neuro-muscular neurotisation (DNMN) proposed by Georgio Brunelli to
insert the nerve fibers at different levels in the muscle [40] and 3) teno-muscular
transfer (TMT) improved the results in BPP [41].
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Chapter 3

Nerve Transfers to Recover
External Rotation of the Shoulder
after Brachial Plexus Injuries in

Adults
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Abstract

Restoration of external rotation of the shoulder in adults with partial brachial
plexus palsies is challenging. While nerve grafts are possible, nerve transfers are cur-
rently the most use method for satisfactory restoration of function. Numerous nerve
transfers have been described, although the transfer of the spinal accessory nerve
to the suprascapular nerve remains the gold standard. The suprascapular nerve and
the nerve to the teres minor muscle are the two preferred targets to restore external
rotation of the shoulder. There are numerous nerve donors, but their use obviously
depends on the initial injury. The most common donors are the spinal accessory
nerve, the rhomboid nerve, branches of the radial nerve, the C7 root fascicle or the
ulnar nerve. The choice for the transfer depends on the available nerves and first
of all on chosen approach, whether it be cervical or scapular. It also depends on
the other associated reconstruction procedures, grafts, or nerve transfers for the
recovery of other functions, specifically, elevation of the shoulder and flexion of
the elbow. The objective of this chapter is to present the main nerve transfers and to
propose a therapeutic strategy.

Keywords: Brachial plexus injury, nerve transfers, shoulder external rotation

1. Introduction

Restoration of external rotation of the shoulder in brachial plexus palsies is
challenging. This function, however, is necessary for properly orienting the upper
limb for the movements needed in everyday life. While flexion of the elbow and
elevation of the shoulder are prioritized for restoration, external rotation of the
shoulder should not be neglected. Most of the time, it can be achieved at the same
time of operation if nerve transfers are used.

The two nerves mainly targeted for the recovery of this function are the supra-
scapular nerve (SSN) innervating the infraspinatus external rotator muscle and the
branch of the axillary nerve innervating the teres minor external rotator muscle.
Several nerve transfers could be proposed due to the large number and variety of
lesions of the brachial plexus roots.
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2. Most used nerve transfers
2.1 Transfer of the spinal accessory nerve to the suprascapular nerve

Transfer of the spinal accessory nerve (SAN) to the suprascapular nerve (SSN)
remains the gold standard for restoring external rotation to the shoulder with nerve
transfer (Figure 1). This transfer can be carried out in all partial or complete palsies
of the brachial plexus, as long as the spinal nerve has not been damaged, which is
the case for 96% of brachial plexus injuries [1]. A testing of the trapezius muscle
strength is needed before carrying out this transfer. If the trapezius is not scored at
least M4, this transfer cannot be undertaken.

This transfer could be carried out via an anterior cervical approach [1] or a poste-
rior scapular approach [2]. The anterior approach is essentially used in the case of a
complete palsy of the brachial plexus where an exploration and an possible associated
root graft is envisaged. A classical transversal approach of exploration of the plexus
may be used as well as the extended approach described by Bertelli [1], allowing
improved results with respect to external rotation and abduction of the shoulder.
When the anterior cervical approach is used, the anterior branch of the spinal nerve
is released and sutured to the origin of the SSN at the beginning of the primary trunk.
If the root injury is more distal, the primary trunk may be damaged, and the dissec-
tion of the SSN may be difficult, if not impossible. In that case, the suture needs to be
made more distally at the level of the coracoid notch and the extended approach of
Bertelli [3] becomes necessary.

The results for external rotation were 87 degrees of rotation from the thorax in
40% of patients in a series of 81 patients (Table 1). It seems that even with a per-
fectly optimized nerve transfer, the results are only satisfactory for half of the series.

Certain authors have described, in a case report, the use of the contralateral SAN
for SSN restoration using an intercalated graft [4]. The results after 12 months were
weak (3 degrees of external rotation), presumably because the use of a graft reduces

Figure 1.

Transfer of the spinal accessory nerve to the suprascapular nerve in the cervical region by an anterior
approach. This approach allows restoration of external rotation and treatment of other deficient functions
using grafts of non-avulsed roots (vight side).
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the possibility of a direct nerve transfer by reducing the results in terms of delay
and extent of recovery. In addition, the exploration and sacrifice of a nerve from the
healthy side may be discussed for a brachial plexus palsy.

2.2 Transfer of the rhomboid nerve to the suprascapular nerve

This technique may be used for partial and complete injuries of the brachial
plexus [6, 9, 10]. The rhomboid nerve branches comes from the dorsal scapular
nerve, the posterior branch of CS5. This branch starts relatively proximally and can
be damaged in the case of an avulsion of C5. However, it receives the afferents from
the C4 root and could, in theory, be used even in the case of an avulsion of the C5
root. The main indication for the rhomboid nerve transfer is a lesion of the SAN. In
this case, the transfer could be associated with a transfer of the teres minor nerve
from the long triceps nerve or a fascicle of the ulnar nerve (Figures 2 and 3).

The rhomboid nerve can be sutured directly to the SSN in the supraspinatus
fossa. This technique is carried out using the posterior approach; the suture is close
to the infraspinatus muscle, thus encouraging a more rapid recovery. In addition,
the posterior dissection eliminates a lesion of the SSN in its passage under the notch
and limits the risk of failure of a more proximal suture. The results from our series
show that external rotation is recovered. The extent of the results, however, is a
little bit less than that of a transfer from the spinal nerve (Table 1) [6].

Ly

Rhomboid nerve

Figure 2.

Transfer of the rhomboid nerve to the suprascapular nerve: The levator scapulae is released from the medial
border of the scapula to expose the dorsal scapular nerve. The nerve to the rhomboid muscle is released until it
reaches the upper edge of the rhomboid muscle, divided, and then turned toward the suprascapular nerve in the
supraspinatus fossa (vight shoulder) (courtesy of Elsevier [9] ).

2.3 Transfer of the long head of the triceps nerve to the teres minor nerve
This nerve transfer only applies to cases where there are partial lesions of the

brachial plexus with preservation of a triceps scored at least M4. This technique is
best suited to an axillary approach. The branch of the radial nerve leading to the
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Axillary Nerve
(anterior division)

Minor branchr
xillanr nerve

‘4 Long head of the Triceps brang
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Figure 3.

Transfer of the rhomboid nerve to the suprascapular nerve with a posterior approach (right shoulder).
This transfer can be performed without any tension. With this approach, the nerve is sutured close to the
supraspinatus muscle, encouraging faster recovery (courtesy of Elsevier [10] ).

Levator

-
scapulae muscle , ‘__ Dorsal scapular nerve

\//

/ 7 Rhomboid Suprascapular
nerve nerve

PR
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i‘
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Figure 4.

Transfer of the radial nerve (long head of the triceps branch) to the anterior division of the axillary nerve and
to teres minor branch by an axillary approach (right axilla).
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triceps is easily identified because it is the first branch; electrostimulation clearly
confirms with contraction of the long head of the triceps muscle. The axillary nerve
is identified in the axillary fossa and the branch for the teres minor is isolated and
separated from the axillary nerve. This branch is divided as distally as possible, then
turned back toward the nerve of the long head of the triceps. The suture is generally
made without tension (Figure 4).

The results for external rotation seem less satisfactory with this transfer than for
the transfer of the spinal nerve. The teres minor is more of an accessory muscle for
external rotation than the infraspinatus muscle [11]. The axon count showed that
the number of fascicles in the branches of the radial nerve is less than the sum of
fascicles in the axillary nerve and teres minor nerve. For this reason, some authors
propose to use several branches of the radial nerve to optimize the number of
fascicles transferred to the trunk of the axillary nerve and its branches (in particular
the nerve of the teres minor) [12].

3. Other less used transfers
3.1 Transfer of a branch of the radial nerve to the infraspinatus muscle

This described transfer is anatomically possible. However, it does not seem to
give satisfactory results for external rotation according to the authors [7]
(Table1). As a result, the authors do not recommend this transfer.

3.2 Transfer of a fascicle of the ulnar nerve to the teres minor nerve

This nerve transfer also only applies to cases where there are partial lesions of the
brachial plexus and where a hand without palsy confirms the integrity of the ulnar
nerve. One or two fascicles may have already been used to restore flexion of the elbow.
Using additional ulnar fascicles could lead to a subsequent palsy with loss of grasp
strength which would be very negative for the patient. The indication of this transfer
should be considered with caution in the case of shoulder and elbow palsy.

3.3 Transfer of a fascicle of the C7 root to the suprascapular nerve

This transfer was proposed by Bertelli in 2004 using the contralateral C7 root [8]
and by Yin et al. in 2012 using the ipsilateral C7 root [5]. The latter proposed to use
a fascicle of C7 in order to restore the suprascapular nerve when the spinal nerve
was not functional [5] (Table 1). The advantage of the ipsilateral transfer is that it
can be carried out directly in the supraclavicular fossa and therefore is fully adapted
if other procedures are carried out, especially a graft from the C5 or C6 roots if
they are not avulsed. It should be noted that the damage to the spinal nerve during
violent and prolonged trauma to the brachial plexus is generally associated with
root avulsions, thus limiting this technique.

4, How to choose a transfer?

Prior to concluding that nerve transfer is indicated, the glenohumeral joint
must obviously be assessed in order to rule out osteoarticular pathology that could
mechanically limit the external rotation of the shoulder (joint malunion, gleno-
humeral osteoarthritis, foreign bodies, etc). For this, imaging is necessary, such
as simple standard x-rays of the shoulder or by performing arthrography of the
glenohumeral joint (Figure 5).

28



Nerve Transfers to Recover External Rotation of the Shoulder after Brachial Plexus Injuries...
DOI: http://dx.doi.org/10.5772/intechopen.99330

No root avulsion Root avulsion
=> Cervical approach for root =>Distal approaches for
grafting multiple nerve transfers
SAN to SSN L _| Trapezius | SAN to S5N
(anterior approach) zM4 (scapular approach)
C7 fascicle to SSN Trapezius Rhomboid nerve to SSN
(anterior approach) < M4 (scapular approach)
If no root grafting for shoulder Radial nerve to teres minor
reanimation: . (in addition to axillary nerve
" . ) Triceps R
Radial nerve to teres minor (in [=—— > Ma y reanimation)
addition to axillary nerve - {axillary or scapular
reanimation) approach)

Figures.

Decision tree to choose the best nerve transfer for restoration of external rotation in adults with brachial plexus
palsies. Trapezius and triceps muscles must be tested to assess the function of the spinal accessory nerve and the
radial nerve, respectively. (SAN: Spinal accessory nerve; SSN: Suprascapular nerve.)

If a mechanical joint problem exists, it must be resolved before the nerve surgery
if possible. In addition, glenohumeral arthrodesis can also be considered, allow-
ing joint pathology and restoration of external rotation to be treated at the same
time [13].

The choice of transfer depends primarily on the donor nerves available but
also on the approaches used. If a cervical exploration of the plexus is chosen to
carry out grafts (no root avulsions), in order to restore other functions, the use
of the SAN (if the trapezius is functional) or of the fascicles from C7 root could
be used with a direct suture on the SSN at its origin from the primary trunk, or
by an extended approach at its entrance under the transverse coracoid ligament
in order to improve results [1]. A distal transfer of a branch of the radial nerve
(if the triceps is functional) to the teres minor could also be associated with this
procedure in order to improve the results. If cervical exploration is not neces-
sary (root avulsions), the use of the rhomboid nerve [9] (generally preserved
even if the C5 root is avulsed), or of the SAN (if the trapezius is functional) by
the posterior approach is preferred. In this context, a second distal transfer to
the teres minor is rarely possible because if the C7 root is avulsed, the branches
from the triceps are generally not functional, but in any case, the triceps must be
tested because anatomical variations are possible.

5. Conclusion

The restoration of external rotation by nerve transfer is frequently possible
because of numerous transfer possibilities. The use of one type of transfer or
another depends on the reanimation strategy, on carrying out a cervical exploration
and on other transfers used. A double transfer for external rotation can be generally
also proposed.

The results, however, are often limited in terms of range-of-motion, even when
the technique is carried out perfectly. Obviously, it is important to not forget the use
of palliative muscle transfers, especially the transfer of the latissimus dorsi to the
rotator cuff or the transfer of the lower part of the trapezius [14], if their innerva-
tion is preserved, or in the case of failure of the nerve surgery. Finally, for some,
performing an arthrodesis on the shoulder will permit reestablishment of a superior
external rotation compared with nerve transfers [13, 15].
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Chapter 4

Derotational Osteotomies for The
Late Treatment of Brachial Plexus
Injury

Ahmet Emvah A¢an and Ertugrul Sahin

Abstract

Obstetric brachial plexus palsy [OBBP] can affect the function of the upper
extremity. Most of the injuries are limited to the upper spinal nerves and heals
spontaneously. However, some of them will have incomplete recovery after OBBP
often results in weakness of the external rotators [teres minor and infraspinatus]
muscles compared to the internal rotators [teres major, pectoralis major, latissimus
dorsi] muscles. The predominance of the internal rotators and adductor muscles
over external rotators leads to an internal rotation contracture. The development of
internal rotational deformity may progress to increased glenoid retroversion and
posterior humeral head subluxation. If the surgeon does not repair internal rotation
deformity, the humeral head is forced into a posterior position causing a complete
posterior dislocation. Many procedures are performed to treat these deformities:

In the young child, improving the remodeling of the glenohumeral joint, capsu-
lectomy, and subscapular release are introduced. Tendon transfers of the shoulder
have good results for motion but fail to restore the glenohumeral joint. The failure
of improving joint alignment may represent the loss in clinical improvement over
time. In older children, a humeral osteotomy can be an alternative to realign the
limb into external rotation, improve appearance, and enhance eating, washing hair,
and scratching the back of the neck. We will discuss all the techniques along with
their advantages and disadvantages.

Keywords: brachial plexus, birth palsy, humeral rotation, glenohumeral join,
osteotomy, technique

1. Introduction

Obstetric brachial plexus palsy (OBBP) can substantially impact the function
of the upper extremity. The widely agreed-upon mechanism of the birth injury
for brachial plexus is a combination of traction and lateral pressure on the head
through the late stages of a difficult delivery. The shoulders can be stacked in the
birth canal. Partial or complete ruptures of the nerves in the plexus area can occur
during that traction.

Most of the injuries are limited to the upper spinal nerves, and the possibil-
ity of spontaneous healing is higher than the others [1-3]. The definition of
‘Erb-Duchenne palsy’ or ‘Erb’s palsy refers to a C5-C6 injury that results in the
paralysis of the shoulder and elbow flexion. In addition, paralyzes of wrist and
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finger extensors can be accomplished, and it shows that C7 is also injured. Most
of these partial plexus injuries have a good prognosis, and 70-80% recover
spontaneously [4, 5].

However, incomplete recovery after brachial plexus birth palsy often results
in weak external rotators [teres minor and infraspinatus] muscles compared to
the internal rotators [teres major, pectoralis major, latissimus dorsi] muscles. The
predominance of the internal rotators and adductor muscles over external rotators
leads to an internal rotation contracture. The development of internal rotational
deformity may progress to early glenohumeral joint deformity by six months of age
and advanced deformity by two years, which is characterized by increased glenoid
retroversion and posterior humeral head subluxation [6-10]. If this internal rota-
tion deformity is not repaired, the humeral head is forced into a posterior position,
causing an initial subluxation that can evolve to complete posterior dislocation. This
condition was thought to be rare.

Many studies have shown that the onset of glenoid dysplasia with obstetric
brachial plexus palsy occurs at an earlier age than previously recognized. The
prevalence of this problem may have been underestimated [11-13]. Zancolli et al.
[14] reported that this posterior dislocation occurs in 8% of patients with proximal
humeral deformities and muscle contractures.

Several studies have reported glenoid and humeral pathology in cases of Erb’s
palsy [7, 8, 15, 16]. Waters et al. [8] defined the seven types for the glenohumeral
deformity with OBBP (type I: normal articulation; type II: glenoid retroversion
<5 degrees with no subluxation; type III: posterior subluxation; type IV: progressive
posterior humeral subluxation into a pseudo-glenoid; type V: advance flattening of
the humeral head and glenoid, with progressive or complete posterior dislocation
of the humeral head; type VI: dislocation of the glenohumeral joint in infancy and
type VII: growth arrest of the proximal part of the humerus). Pearl et al. [15] clas-
sified the glenoid deformity in patients with Erb’s palsy as concentric, concentric-
posterior, flat, bi-concave, and pseudoglenoid. Zancolli et al. [17] reported that a
posterior epiphysiolysis of the proximal humerus caused the retroversion of the
humeral head.

2. History

Surgical treatment of obstetric plexus lesions began with nerve repairs in 1902
[18] by Kennedy. However, long-term treatment results showed that partially
healed birth injuries developed deformities, especially in the shoulders and
elbows, and thus surgeons began to find an alternative surgical treatment. The
aim of these procedures is to improve the function of a deformed extremity after
a partially recovered nerve lesion. Release of tendons and muscles were defined to
improve the function and range of motion in the early 20th century [2, 19]. Muscle
transfers to improve the strength of the joints, not functional enough, were per-
formed in the 1930s [20]. Surgeons preferred osteotomy techniques for improv-
ing the function and motion range of limbs. Thus surgeons hoped that patients
could receive a functional level that would be able to cope with daily activities by
themselves [21].

To this date, the treatment is controversial. Many procedures are performed to
prevent or to treat these deformities: In the young child, improving the remodeling
of the glenohumeral joint, capsulectomy, and subscapular release are introduced
to reduce the pressure over the glenohumeral joint [22-24]. Tendon transfers of
the shoulder have good results for motion but fail to restore the glenohumeral joint
[25, 26]. The failure of improving joint alignment may represent the loss in clinical
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Figure 1.
Demonstration of osteotomy techniques according to the location on the humerus. Dashed lines indicated the
border of the defined osteotomy site.

improvement over time [27]. In the older child, it is impossible to reduce the
glenohumeral joint. In addition, traumatic brachial plexus injuries in adults can
result in the shoulder joint’s internal rotational deformity. Humeral osteotomy can
be an alternative in both adults and children to realign the limb into external rota-
tion, improve appearance, and enhance activities of daily living, such as eating,
washing hair, and scratching the back of the neck [28-30]. Multiple techniques
have been described for osteotomy of the humerus. Zancolli et al. [31] performed
osteotomy with low axillar incision and at the just distal to the insertion point of
the pectoralis major muscle. Glez Cuesta et al. [32] and Goddard et al. [33] per-
formed the osteotomy just above the deltoid insertion via deltopectoral approach.
Al Zahrani [34] performed the osteotomy just below the deltoid insertion. Briefly,
different osteotomy levels have been described for each technique (Figure 1). We
will discuss all the techniques along with their advantages and disadvantages in
this chapter.

3. Patient evaluation

Preoperatively, the ability of the patients to perform activities of daily liv-
ing (feeding, washing, and cleaning themselves) with the functionally impaired
extremity is evaluated. Muscle strength, the interval for both active and passive
movements of the affected size were also assessed. Palpation of the humeral head at
the posterior side of the shoulder is performed to evaluate the joint incongruence. In
addition, we assess the limited external rotation of the shoulder and the presence of
the Putti sign. While the shoulder is passively adducted and externally rotated with
the elbow in 90 degrees of flexion, there is an elevation of the upper corner of the
scapula termed as the Putti sign [35].
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The modified Mallet’s classification is used to compare preoperative and postop-
erative results. This classification includes five criteria: the ability to actively abduct
the arm, external rotation of the arm, bring the hand behind the neck and over the
mouth. Grade I indicates a firm shoulder or a flailing arm. Grade II indicates active
abduction <30 degrees, no active external rotation, and the inability to bring the
hand behind the neck and the back. The hand is brought to the mouth with the arm
in abduction (the trumpeter sign). Grade III indicates active abduction of 30-90
degrees®, active external rotation <20 degrees, and difficulty placing the hand
behind the neck and cephalad to the sacrum. There is still the trumpeter sign. Grade
IV indicates active abduction >90 degrees, active external rotation >20 degrees,
and no difficulty in bringing the hand behind the neck and over the thoracolumbar
region of the back. The hand can be brought to the mouth, and there is no trum-
peter sign. Grade V indicates a clinically normal shoulder. If a patient does not meet
all five criteria for a grade, he or she is assigned a lower grade [35].

Antero-posterior radiographs of both shoulders must be taken to investigate
the size (hypoplastic), location (elevated) of the scapula on the affected side.
Moreover, the relationship between acromion and coracoid process, any change
in glenoid are also assessed. It is possible to see the hypoplasia of the clavicle and
the small proximal humeral epiphysis. The height of space between the acromion
and humeral head may be longer than the normal side; the humerus may be more
subtle or thicker according to metaphyseal and diaphyseal areas, and the length
of the humeral shaft may be shorter [28]. Measurements of humeral retrover-
sion can be done by magnetic resonance imaging or computed tomography (CT)
scanning combined with the topographic location of the anterior crease of the
elbow pointed upward [36, 37]. These two parameters are helpful techniques to
get a more accurate grade of alignment for osteotomies to restore the plane of
movement [38].

4. Glenoid anteversion osteotomy combined with tendon transfer

This technique was inspired by the hip’s developmental dysplasia; the open
reduction and soft tissue procedures are not always sufficient to maintain concen-
tric hip joint reduction and acetabular osteotomies are sometimes necessary [39].
Severe cases of glenohumeral deformity, anteversion of the glenoid would contrib-
ute to the stability of an open joint reduction. Glenoidal osteotomy for anteversion

{‘1- Humeral ~
f‘ /‘ Head
Humeral '
Head | o
| f ..‘ //_.
| | v W,
- d | Anteverted
cHigea Glenoid
Fossa
Fossa

Figure 2.
Osteotomy was performed with the protection of an intact anterior cortex to use as a hinge point, and bone
graft was placed with the appropriate size.
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is performed to improve the glenoid retroversion whit taking the hinge point as an
anterior cortex (Figure 2). When combined with a subscapularis slide and transfer
of the teres major and latissimus dorsi, anteversion glenoid osteotomy and joint
reduction would permit functional recovery of external shoulder rotation. Dodwell
etal. [40] reported that they performed on 32 patients with severe glenohumeral
dysplasia. Glenoidal osteotomy provided maintenance of the reduction of joint and
functional improvement in the short term.

5. Humeral centering osteotomy

The humeral head centering osteotomy increases shoulder stabilization and
resolves the anterior contractures with the subscapularis tenotomy. When humeral
positioning becomes anatomical, the articular congruency can be adjusted and
improve the motion arch of the shoulder. As in developmental hip dysplasia, the
idea’s origin is to reduce the joint centrally so that its normal growing process
occurs. The articular reduction is provided with a medial derotational humeral
osteotomy. Unfortunately, there is no standardized degree for angular derotational
osteotomy. The ideal one is; first, the shoulder articulation is reduced with the
external rotation maneuver. The humeral osteotomy is performed between inser-
tion points of deltoid and pectoralis major muscles. and internally rotated until
the patient’s hand is brought over his or her abdomen (Figure 3). This procedure
increases the anteversion of the humerus.

The indications for that procedure are:

* Posterior incongruence of the humeral head that causes dislocation,
* Age <9 years

* The contraindications are:

* Active infection at the time of the surgery

* No active flexion of the elbow

* Deformity in the extension of the elbow

A== External
K‘f_’_\\ Rotation

Figure 3.
External rotation of humerus was performed to achieve glenohumeral joint reduction, and a Kirchner wire was
placed for the temporary fixation.
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* Total brachial plexus lesion
* Trauma or infection sequel that destructs the articular surface
» Age > 9 years

For this procedure, a deltopectoral approach is performed. The subscapularis
tenotomy with the anterior capsule is performed at the level of the lesser tuberos-
ity to reach the joint. The reduction of the humeral head is rotated externally to
reduce the joint. If there are difficulties or insufficiency for external rotation of
the humerus, partial pectoralis major tenotomy can be made. There is no need for
any tendon transfer. The humeral head is fixed and centered with a transarticular
Kirschner wire. A transverse osteotomy of the humerus between the insertions
of the deltoid and the pectoralis major muscles is performed. The humerus is
internally rotated until the patient’s hand is positioned over his abdomen, and then
the osteotomy is fixed with a plate [35]. Vilaga et al. [35] reported 14 patients with
centering osteotomy, and in all patients except one, shoulder dislocation to the
posterior side could not be corrected.

6. Humeral external rotation osteotomy

Humeral external rotation osteotomy has been described by many surgeons
[28, 30, 41-43]. It is mostly suggested for older children with advanced shoulder
deformities. The aim of osteotomy is to increase the motion arch of external rota-
tion of the affected shoulder. This osteotomy is accepted as standard treatment
for late brachial plexus injury in older children. The results of this osteotomy have
satisfactory results with an increase of both external rotation and abduction of
the shoulder. Improvement of abduction is dependent on the improvement of the
mechanical axis of the deltoid tendons. Moreover, surgeons keep in mind that there
is always the possibility of the impairment of internal rotation with this technique.
The osteotomy is usually performed proximal to the deltoid tuberosity level to
improve the deltoid alignment (Figure 4). Some authors have suggested adding a
flexion component to osteotomy distally to provide more elevation of the arm [42].

On the other hand, some others also have suggested adding a varus component
to osteotomy to restore the abduction contracture [30]. If the plates and screws
are used to fix osteotomy, there is no need for immobilization supplied externally
by the cast splint. Several different approaches and levels have been described for
the external rotational osteotomy of the humerus in literature. We will discuss
them below.

6.1 Medial approach for humeral derotational osteotomy

A medial arm incision is performed along the medial intermuscular septum,
and The interval between the anterior and posterior arm musculature is used to
reach the osteotomy area. The ulnar nerve is just located on the posterior side of
the septum and is dissected. The ulnar nerve is a transposition of the ulnar nerve
performed to the posterior. In the anterior compartment, the median nerve and
brachial artery are palpated and reflected with the biceps and brachialis muscle.
The inter-muscular septum is followed through the medial aspect of the humerus
and excised.

There are some advantages: Firstly, the scar is more cosmetic because the
incision is located at the medial side of the arm and is difficult to see. The incision
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Figure 4.
External rotational osteotomy at the level of deltoid tubercle just distal to the insertion point of the deltoid
muscle. Osteotomy was fixed with a plate and screws.

heals better compared to the lateral side. Arm positioning of the arm is easier after
external derotational osteotomy places the arm onto the table, making internal fixa-
tion easier. In addition, plate application is more suitable at the anteromedial side
of the humerus because of its anatomical shape. The disadvantage of the technique
is related to its anatomy closer to neurovascular structures. The surgical anatomy is
more dangerous because of the close relationship to nerves and is less familiar for
the orthopedic surgeon [44].

6.2 Anterior approach for proximal humeral derotational osteotomy

An anterior incision is made through the interval between the biceps bra-
chia and anterior part of the deltoid muscles to reach the proximal part of the
humerus. Next, the insertion points of the subscapularis and pectoralis major
muscles to humerus are identified. Then using the drill motor, holes through the
line of osteotomy planned are opened, but at this phase, the osteotomy is not
completed which is not completed. Next, the degree of external rotation of the
distal part of the humerus is decided according to the hand position; if the hand
can be touched the mouth, rotation of the humerus is enough. After completion
of the osteotomy, the proximal and distal sides of the osteotomy are fixated. The
use of highly strong sutures in the periosteum can be enough for stabilization
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if fragments are well impacted and stabilized. Otherwise, the osteotomy site is
stabilized with generally one staple, but if the fixation is not unstable, the surgeon
can use two staples [28].

The specific indications for this technique are

* Unimprovable internal rotation of shoulder accompanying to impairment in
the function of the teres major and latissimus dorsi muscle in 4-8 years old

* Recrudesce in the dislocation of humerus head or the deformity of the affected
side of the arm following a soft-tissue procedure in 4-8 years old

* Internal rotation deformity that can not be restored with procedures other than
surgery or decline in the range of active motion through the external side in
>8 years old

There are some advantages:

* The osteotomy site consists of a metaphyseal area (cancellous bone). Thus
consolidation in there is quicker than other parts of the humerus.

* The staples that are used for fixation of the osteotomized bone are primary,
simple devices. Therefore minimal distraction of periosteum and soft tissue
is enough

* The osteotomy of the humerus and external rotation of distal part displace
the insertion sides of the deltoid (makes tendons more strengthful) and
pectoralis major muscle (increase in motion range of internal rotation) more
lateral.

6.3 Humeral internal derotational osteotomy

Internal derotation osteotomy of the humerus is performed less often, and
there has rarely been reported in the literature [45, 46]. It is described in young
children who develop posterior dislocation of the shoulder early in the disease. The
internal rotation osteotomy is performed for the reduction of the glenohumeral
joint. However, this osteotomy is likely to result in more loss of external rotation.
Releasing the internal rotator’s muscles and the anterior capsule has to be added
to improve the external rotation of the shoulder in these children. In addition,
there may be necessary for the transfer of internal rotators to function as external
rotators. Skibinski et al. [45] described internal rotation osteotomy (IRO) with a
tendon transfer. They first performed soft tissue procedures and then tested the
range of motion. Suppose the humeral head was dislocated while internal rotation,
the internal humeral rotation was performed to strengthen the joint stability. They
reported that the dynamic range of internal rotation difference in children treated
with IRO was significantly higher than those treated without osteotomy. The other
movements (including external rotation) were similar pre- and postop surgery in
both groups. The authors concluded that the addition of IRO to soft tissue proce-
dures improves internal rotation and maintains stable reduction without compro-
mising other movements. Similarly, Kambhampati et al. [46] reported 183 cases
of subluxation (101) and dislocation (82) of the shoulder secondary to obstetric
brachial plexus palsy. The authors performed anterior release and reduction, and
then they measured the degree of retroversion. They performed IRO if the humerus
was retroverted more than 40 degrees® or if the head was volatile after reduction.
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6.4 Humeral rotational osteotomy with lengthening over a nail

All the techniques that described derotational osteotomy of the humerus in
the late treatment of OBPP have neglected upper limb length discrepancy, which
is another sequel of OBPP. This technique represents the late treatment of OBPP
in patients with upper limb length discrepancy, using derotational osteotomy
and lengthening with an elongation nail. A standard deltopectoral approach was
applied. Transverse osteotomy between the insertion of the deltoid and pectoralis
major muscles was performed. Before the distal locking of the nail, adequate rota-
tion of the humerus was decided intraoperatively by ascertaining that the ipsilateral
hand could be placed to the mouth while putting the flexed elbow to the side of the
trunk. Once the desired rotation was achieved, the distal locking screws were placed
(Figure 5) [47].

This technique has some advantages: First, the elimination of length discrepancy
improves the upper limb function by re-orientation of the shoulder arc into a more
functional range. In addition, the appearance of the upper limb can be improved by
visible antecubital fossa and diminished forearm pronation. Secondly, lengthening
the humerus with the osteotomy above the deltoid insertion can lead to a more lat-
eralized deltoid insertion, thus improving shoulder abduction more than expected.
The disadvantages of this procedure are that it is impossible to add varus or flexion
to the distal part of the humerus due to the use of the intramedullary elongation
nail. Because ERO with added flexion to the distal part of the humerus to create
increased flexion of the arm and adding a varus component to repair the abduction
contracture is suggested in the literature [30, 42, 48]. We reported one patient with
three years of follow-up. First, the proximal side of the osteotomy migrated the
upper part at the end of 5 cm lengthening (Figure 6).

That problem could lead to restriction of shoulder motion. However, at the three
years, Mallet score was four, and the patient was able to reach the occiput without
any trumpet sign, and the palm rather than the dorsum was facing the mouth,
which he could not do before the operation (Figure 7).

Figure 5.
Postoperative plain AP and Lat. X-vays.
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Figure 6.
At the end of 5 cm distraction, AP and Lat. X-vays.

Figure7.
Range of motions at 36 months.

6.5 Percutaneous humeral derotational osteotomy

The traditional humeral external derotation osteotomy method is open surgery
and fixation with implants such as plates and nails. Open surgery often leaves a
flagrant incision scar, but it can be hidden via a medial approach. Sometimes, other
complications are resourced from implants, such as irritative effects, non-union,
failure of implants, or peri-implant fracture [29, 30, 42]. When the implant has
to be removed, it can be difficult, especially in the medial approach due to closer
location to neurovascular structures. Therefore to avoid these complications,
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percutaneous osteot-omy of the humerus and external fixation is designed. In the
first step, two pins are placed at the level of the distal half of the deltoid muscle and
below the proximal humeral physis through the lateral side of the humerus. Then,
another two pins are placed at the distal insertion point of the deltoid muscle but
more anteriorly than before two pins to provide interval while external rotating of
the distal fragment of the humerus. The position of these two pins on the anterior
plane is decided according to how much rotation is required. The second phase is
performing the percutaneous transverse osteotomy of the humerus. The third phase
is that the distal fragment is rotated externally till all pins are arranged in the same
plane. One or two rods are used to connect the proximal and distal pins and stabilize
the osteotomized bone [49]. Advantages of these techniques are

* Incision is minimal. Thus the development of scars does not cause cosmetic
problems.

* The placement of the proximal side pins is distal to the deltoid, where there is
no risk for physical bone and axillary nerve injuries [50]. In addition, the distal
pins are located anteriorly away from the lateral side, where the radial nerve
passes through the bone.

* Rotational control of the distal humerus is difficult during open reduction
and plate fixation. However, in this technique, distal pins supply stability and
controlling the distal fragment efficiently.

Aly et al. [49] reported that six cases that healing processes were completed at an
average of 1-2 months without complication. In addition that they showed improve-
ment in the shoulder motion.

7. Osteotomy of the radius and ulna or one-bone forearm

Mild rigid supination deformities can be treated with osteotomy of the radius or ulna
[51]. However, osteotomy of both bones requires correcting severe supination deformi-
ties completely. Nowadays, the creation of one-bone forearm procedures is preferred
to combined osteotomies for severe fixed supination deformities due to the recurrence
overtime after combined osteotomies caused by persistent muscle imbalance and the
ability to correct substantial deformities. A curvilinear incision is made along the distal
radius and proximal ulna. The osteotomies are planned with the radius osteotomy 1 to
2 cm distal to the ulnar osteotomy. The interosseous membrane is incised to allow the
radius to be positioned on top of the proximal ulna. The radius is manually mobilized
toward the proximal ulna. The bones are coapted, the radius is rotated into the desired
position, the plate is placed to the distal radius to connect to the proximal ulna [52].

8. Outcomes

Activities that require external rotation can be done quickly with humeral
derotational osteotomy. Before surgery, many patients cannot perform self-care
activities, such as eating, dressing, and washing. After surgery, most patients can
dress, wash, perform self-cleaning, and eat themselves better and no longer need
help. The Mallet score for shoulder function increases after osteotomy. The level
of osteotomy is still controversial. Theoretically, rotational osteotomy between the
insertions of the subscapularis and pectoralis major muscles improves the deltoid
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function. There are no standard methods of fixation. Osteotomy stabilization has
varied from flimsy catgut sutures to rigid plates and screws. The fixation technique
will affect postoperative rehabilitation. The improved outcome has been repre-
sented regardless of fixation [28-30].

9. Conclusion

The arm’s fixed adduction and internal rotation are the most common deformi-
ties of the extremity in patients with a. In addition, the limited flexion-extension
motion of the elbow because of fixed pronation of the forearm can be seen in bra-
chial plexus birth injury. The surgical procedures performed to correct the shoulder
deformity provide the range of motion to more acceptable mobility and position
and are highly possible to affect the useability of all parts of the upper extrem-
ity. This is mostly seen in the patients with the latissimus dorsi and teres major
muscles problems and abnormal radiographic findings of the glenohumeral joint.
Difficulties in bringing the hand to the mouth without leaning the head forward
and toward the involved side and incompetent abduction-flexion of the shoulder
if the fixed internal rotation deformity of the shoulder is more than 20 degrees
[53]. Suppose external rotation of the shoulder is less than 65 degrees and limited
abduction at 80 degrees. In that case, it is impossible to reach the mouth by hand,
significantly if the motion range of the hand wrist and elbow is impaired [54]. The
soft-tissue contracture is released to improve the cosmetic appearance. Besides,
the function of the joint improves slightly. However, there is an increase in only
external rotation, not an increase in abduction is observed, and there is a high pos-
sibility for anterior dislocation of the shoulder. In addition, recurrence of the fixed
internal rotation deformity reduces the range of rotational movement with time
passing [53]. Sever described a technique that involves the release and replacement
of the teres major and latissimus dorsi muscles to the posterior and lateral parts of
the humerus to function as external rotators of the shoulder if muscle strength is
enough. The glenohumeral joint has any abnormalities [20]. The osteotomy of the
proximal humerus for the late treatment of brachial plexus birth injuries’ suggested
first time by Roger [21].

Since then, several techniques have been described, including either the proxi-
mal or the distal humeral derotational osteotomy in case of structural abnormality
(irreducible internal rotation) and anatomical pathology (flattened humeral head
or posterior subluxation) of the shoulder [14, 21, 32, 33, 53]. There is a gradual
increase in the arc of active motion at the expense of passive motion. Therefore,
rotation of the extremity can be increased during the growth of the extremity
in a neutral position and alignment. This can result in changing the relationship
between the joint congruency and the soft tissues that cover the joint. Therefore,
surgeons must consider the alteration of the congruency due to the growth of the
bones and soft tissues and not overcorrect the abnormality.
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The Role of Functional Electrical
Stimulation in Brachial Plexus
Injury Repair

Lin Yang, Yaxuan Li, Qianling Zhang, Mengnan Jiang
and Jia He

Abstract

Brachial plexus injury (BPI) is a type of peripheral nerve injury, which is mainly
manifested as upper limb sensory and motor dysfunction. Although the injury will
not endanger life, it can cause serious functional loss and high disability rate, and
eventually lead to patients unable to live normally. At present, the treatment methods
for BPI mainly include conservative treatment, such as limb massage, exercise, drug
therapy, autonomous movement and strength training; In clinic, nerve repair, nerve
transplantation and muscle transfer can also be used. Although surgical treatment
can better restore the function of injured brachial plexus, there is a certain risk, so
it is not the first choice of treatment. As a mature electrical stimulation method,
functional electrical stimulation (FES) can play a good role in promoting injured
nerve regeneration and preventing skeletal muscle denervation atrophy, so it can be
widely used in the treatment and functional recovery of BPI. This article will review
the research progress of FES in the treatment of BPI.

Keywords: brachial plexus injury, functional electrical stimulation, research
progress, clinical application, mechanism of action

1. Introduction

Brachial plexus injury (BPI) is a common type of peripheral nerve injury. In
addition to muscle paralysis, motor and skin sensory functions will decrease or
disappear in its innervated area, which has a high disability rate. In recent years,
with the continuous occurrence of excessive stretching and traffic accidents, the
incidence of BPI has also become higher and higher. Although the progress of
peripheral nerve surgery has significantly improved the treatment effect of BPI,
scar will be produced at the nerve repair site, which will inevitably distort the
contour of nerve pulse reaching the sensory and motor cortex, and eventually make
the injured peripheral nerve unable to regenerate effectively. Some regenerated
axons will not be able to reach the receptors affected by the scar interface, and other
relatively normal axons will also be misled, so that they can only re-dominate the
wrong scar sensory receptors or irreversibly degenerate receptors, which will lead
to impaired sensory function of shoulder joint and upper limb with loss of muscle
strength [1]. Therefore, it is particularly important to find an effective method to
improve the dysfunction after BPI.
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In 1961, American expert liberson [2] first proposed functional electrical
stimulation (FES) therapy, which belongs to the category of neuromuscular electri-
cal stimulation (NMES). FES is mainly based on the patient’s condition to set up the
program in advance, and place the electrode on one or more groups of muscles of
the patient’s affected limb, and then the paralyzed muscles will contract under the
stimulation of a certain intensity of low-frequency pulse current, so as to induce
muscle movement or simulate normal autonomous movement (such as upper limb
grasping, lower limb walking and other functional activities) At the same time, the
repeated movement pattern information can be transmitted to the central nervous
system, forming excitement marks on the cortex, and ultimately can achieve the
purpose of restoring muscle movement and enhancing balance ability [3]. In 2015,
Elzinga et al. [4] found that nerve repair is needed after nerve injury. If the time
of nerve repair is appropriately prolonged and FES is used to stimulate motor and
sensory neurons for a long time, the speed of nerve growth can be improved, and
nerve fibers can grow into the innervated skeletal muscle accurately along the
direction of electric field. As one of the promising therapeutic technologies in the
field of modern clinical rehabilitation, FES can be used to treat BPI, play the role
of promoting regeneration of injured brachial plexus and preventing denervated
atrophy of skeletal muscle.

2. Clinical anatomy of the brachial plexus
2.1 Composition of brachial plexus

The brachial plexus is a collection of most of the nerve fibers of the 5th-8th
cervical nerve anterior branch and the 1st thoracic nerve anterior branch, usually
composed of five roots, three stems, six strands and three bundles. The 5 nerve
roots from the spinal cord exit the intervertebral foramen at the same time as they
branch out the dorsal scapular nerve (Cy4.s), the long thoracic nerve (Cs;), and the
phrenic nerve (Cj_s). The five nerve roots form the superior, middle and inferior
trunks on the lateral edge of the anterior scalene muscle, among them, Cs ¢ consti-
tutes the superior trunk, C; independently constitutes the middle trunk, and Cg-T
constitutes the inferior trunk. Each trunk is divided into anterior and posterior
divisions above or behind the clavicle. The anterior division of the upper and
middle trunks synthesize the lateral cord, and the main branches are the lateral root
of median nerve, musculocutaneous nerve and lateral pectoral nerve; the anterior
division of the lower trunk synthesize the medial cord, and the main branches are
the medial antebrachial cutaneous nerve, ulnar nerve and medial root of median
nerve; the posterior division of the three trunks converges into the posterior cord,
the main branches are the subscapular nerve, thoracodorsal nerve, axillary nerve
and radial nerve. The three bundles enter the axillary and send out nerve branches,
which mainly control the sensory and motor functions of the upper limbs, shoulder
back and chest (Figure 1) [5].

2.2 Major neural injury and its clinical expressions

BPI can generally be divided into upper brachial plexus injury, lower brachial
plexus injury and complete brachial plexus injury [6]. The main manifestations
of upper brachial plexus injury are that the shoulder joint cannot be abducted, the
elbow joint cannot be flexed, the upper limb cannot rotate internally and externally,
and the radial sensory disturbance, but the finger movement is still normal; the
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Figure 1.
Anatomy of the course of the brachial plexus in the armpit (drawn by Jia He).

main manifestations of lower brachial plexus injury were finger grasping dysfunc-
tion, sensory loss of ulnar skin of forearm and hand, but the activities of shoulder
joint, elbow joint and wrist joint were normal; complete brachial plexus injury
showed the disappearance of upper limb motor and sensory functions. The damage
of different nerve branches also leads to the dysfunction of corresponding parts. For
example, phrenic nerve injury can cause respiratory dysfunction, severe cases can
cause apnea; musculocutaneous nerve injury can cause weakness in elbow flexion
and weakened skin sensation on the outer forearm; axillary nerve injury mainly
leads to deltoid muscle paralysis forming square shoulder; median nerve injury,

as one of the common types of injury, is mainly manifested by the loss of sensory
function on the radial side of the hand, forming “ape hand”, as well as forearm pro-
nation disorder; the main clinical manifestations of ulnar nerve injury is weakened
wrist flexion ability and the distal end of the ring finger and little thumb cannot

be flexed, resulting in the formation of “claw hand”, which can also lead to loss of
sensory function in the palm and the inner back of the hand; radial nerve injury
mainly manifests as “wrist drop” caused by paralysis of the extensor muscle of the
forearm, and accompanied by dorsal hand radial half and radial side of the two half
finger proximal segment back skin sensory dysfunction (Figure 2).
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Figure 2.
(2). Wrist drop (radial nerve injury); (2). “Claw hand” (ulnar nerve injury); (3). Median nerve injury in
hand; (4). “Ape hand” (median nerve injury and ulnar nerve injury) (drawn by Jia He).

3. Changes of regenerative microenvironment after brachial plexus
injury

The repair process of BPI is related to many factors, such as the formation of
regenerative microenvironment around the injury, the sprouting and extension of
axons, the reinnervation of nerve to target tissue, axon regeneration and so on. The
formation of regeneration microenvironment is an important factor affecting the
repair of brachial plexus injury.

3.1 Establishment of nerve regeneration channels

After BPI, the axons and myelin sheath at the distal end of the injury degenerate
and then disintegrate into nerve debris, Schwann cells (SCs) produce autophagy
reaction, and eventually Wallerian degeneration occurs at the end of the nerve
involved. In the early stage of injury, SCs can help macrophages to clear degenera-
tive myelin debris, and the laminin secreted by it can form basement membranes
to promote growth and provide channels, which can guide axons to grow rapidly in
the right direction. The proliferating SCs form a solid cell cord (band of Biingner)
in the nerve basal lamina enclosed by the basement membrane, which has a good
guiding effect on the growth of nerve axons. The band of Biingner and nerve basal
lamina can not only produce related molecules that promote axon regeneration, but
also separate molecules that inhibit regeneration in the endoneurial tube, which can
accelerate the regeneration and repair of injured nerve [7, 8].

3.2 Neurotrophic factor regulation

After BPI, SCs, nerve axons, fibroblasts and so on will produce a class of polypep-
tide called neurotrophic factors (NTFs), which have a variety of activities and can
exert efficient physiological effects by binding to specific receptors on the surface
of target cells [9]. It mainly includes 3 categories: ®. Neurotrophin, including nerve
growth factor (NGF), brain-derived neurotrophin factor (BDNF), neurotrophin-3
(NT-3), neurotrophin-4/5 (NT-4/5), and neurotrophin-6 (NT-6), neurotrophin-7
(NT-7) derived from non-mammals, etc. @. Neurocytokinin, including ciliary
neurotrophic factor (CNTF), interleukin-1,3,6 (IL-1,3,6), etc. ®. Fibroblast growth
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factor (FGF), and other NTFs such as glial cell line-derived neurotrophic factor
(GDNF), insulin like growth factor (IGF) and so on. These NTFs can play different
roles in the regeneration and repair of injured brachial plexus, for example: ®. NGF
combined with p75 can block p75 induced nerve cell death, thus can promote the
intracellular signal transduction of injured nerve, which is conducive to accelerat-
ing the growth of axons and promoting the recovery of nerve function [10]. @. The
increased expression of BDNF and its tyrosine kinase receptor B (TrkB) mRNA can
reshape synapses, restore neural pathways, and promote regeneration of axons and
reconnection of injured muscles. ®. GDNF can nourish the axons and SCs of mature
spinal cord, which is beneficial to axonal regeneration. It has been found that after
sciatic nerve transection in rats, SCs can continuously express GDNF mRNA in nerve
fibers for more than 5 months [11]. ®. Other studies have confirmed that NTFs can
promote nerve cell regeneration and accelerate motor nerve conduction velocity to a
certain extent [12].

3.3 Immune response

A series of immune responses after nerve injury can inhibit nerve regeneration
and repair to a certain extent. The occurrence of immune response may be related to
the following ways: @. Nerve injury can destroy the blood-nerve barrier, resulting in
the leakage of neurogenic antigens to nearby lymph nodes and the production of spe-
cific antibodies, which will enter the blood circulation and cause immune response.
@. There are antigen-presenting cells in the nerve tissue. After nerve injury, antigen-
presenting cells can express MHC class II antigens on their cell membranes after
ingesting neurological antigens, and are taken up by T cells in the nerves to produce
an immune response. ®@. After the antigen-presenting cells ingest neurogenic anti-
gens, they can also be presented to T cells in the blood by intra-nerve microvascular
endothelial cells to stimulate an immune response. The immune response will have a
significant inhibitory effect on nerve regeneration and repair [13].

3.4 Inflammatory response

Wallerian degeneration occurs immediately after BPI. Within 24 hours after
injury, SCs demyelinated by degrading myelin basic protein, and then macro-
phages migrated to the nerve injury through blood vessels [14]. During Wallerian
degeneration, SCs and macrophages phagocytize the denatured myelin, which is
conducive to nerve regeneration, and the occurrence of inflammatory reaction is
mainly related to macrophages. Macrophages can participate in the phagocytosis
of degenerated myelin, and secrete the active factor oncomodulin to promote the
proliferation of SCs, thereby promoting axon regeneration. The glial cells activated
at the nerve injury can secrete cytokines that promote or inhibit the inflamma-
tory response, among which pro-inflammatory factors (such as IL-1, IL-2, IL -6
and tumor necrosis factor (TNF)), which are mainly produced in the first stage of
Wallerian degeneration, and promote the recruitment of macrophages 2-3 days
after nerve injury; while, anti-inflammatory factors (such as IL-10 and transform-
ing growth factor B(TGF-B)) are produced after macrophage recruitment and
attenuate the inflammatory response [15]. After BPI, SCs, macrophages, and mast
cells can immediately produce endogenous TNF-a, and the rapidly increasing
TNF-a in the lesion site can also recruit a large number of macrophages to swallow
degeneration myelin. IL-1 is an important pro-inflammatory factor in the process
of nerve injury, and its members include IL-1a, IL-1p and so on. After 5-6 hours of
nerve injury, SCs that lose close contact with axons can quickly up-regulate IL-1a
mRNA and IL-1a protein [16]. IL-1a can induce fibroblasts to accumulate in the
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injured area and produce IL-6. IL-6 can enhance T cell activity and act on SCs, and
participate in the regeneration of peripheral nerves by up-regulating pro-inflamma-
tory response genes and immune protease subunits [17].

3.5 Hormonal regulation

After BPI, progesterone, thyroid hormone, adrenocorticotropic hormone
and so on can participate in the repair of damaged nerves. Progesterone not only
promotes the sciatic nerve of damaged male rats, but also binds to receptors to
regulate the expression of SCs [18]. Thyroid hormone can play an important role
in the growth and development of the central nervous system and the repair of
peripheral nerve damage. It can make non-nerve cells produce NTFs to promote
axon repair and regeneration, and can also act on SCs to maintain neuronal activity
and promote nerve growth [19]. Adrenocorticotropic hormone can accelerate the
regeneration of axons, which is beneficial to promote the regeneration and repair
of injured nerves [20].

4. Treatment of brachial plexus injury

The treatment methods used vary according to the injury site, injury type,
injury severity, and time after injury. The purpose of treatment is to reduce
permanent disability and restore or improve upper limb function. The mild
cases may be temporarily observed, functional exercises shall be performed, and
re-examination shall be carried out regularly, while the severe cases may require
treatment such as surgery.

4.1 General conservative treatment

General conservative treatment mainly includes local physical therapy, acu-
puncture, massage, comprehensive rehabilitation exercise, standardized electrical
stimulation therapy, oral neurotrophic drugs, etc. In order to promote the regenera-
tion of injured brachial plexus and prevent skeletal muscle denervation atrophy,
so as to ensure that joints and muscles can work normally and move in the normal
range of activity.

4.2 Surgical treatment

At present, the commonly used clinical surgical treatment methods for BPI
mainly include nerve repair, nerve transplantation, nerve suture, neurolysis, nerve
transfer (neuralization), tendon/muscle transfer, free functional muscle transfer
(FFMT) and so on [21]. (1). Nerve suture: For patients with sharp cuts or penetrat-
ing injuries, the musculocutaneous nerve, lateral spinal cord or superior nerve
trunk can be sutured directly end-to-end. (2). Exo-plexus nerve transfer: ®. Spinal
accessory nerve (SAN) transfer: SAN is well used for nerve transfer because it has
sufficient length and motor axons. Up to 95% of BPI patients retain SAN, which
can be widely transferred to different targets to restore storage functions [22]. @.
Intercostal nerves (ICNs) transfer: Seddon first described the ICNs transfer, which
borrowed ulnar nerve transplantation to transfer ICNs to the musculocutaneous
nerve (MCN ) to restore the elbow flexion function of patients with complete
brachial plexus injury. Other surgeons may prefer to transfer the motor branches
of ICNs directly to the biceps brachii branch of MCN to obtain more reliable motor
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function recovery [23]. ®. Contralateral C; nerve root transfer: It is the safest
surgical method for the treatment of brachial plexus root avulsion [24]. (3). lintra-
plexus nerve transfer: @. Triceps branch of radial nerve (TRN) transfer: Since TRN
runs along the proximal end of the upper arm with the radial and axillary nerves,
transplanting one of the branches to the other nerve will not affect the normal
function of its innervated area. Therefore, TRN is often transferred to axillary
nerve to treat shoulder pain, shoulder subluxation, hand abduction insufficiency
and other clinical symptoms caused by axillary nerve injury [25]. @. Double nerve
transfer method (Mackinnon’s method, Oberlin II method): Oberlin et al. [26]
elbow flexion dysfunction caused by brachial plexus root avulsion can be treated

by transferring some of the ulnar nerve bundle branches located in the upper arm
to the biceps muscle branch of the musculocutaneous nerve. ®. Medial pectoral
nerve (MPN) transfer: can be used to treat obstetric brachial plexus injury [27]. ®.
Transfer of brachialis muscle branch of the musculocutaneous nerve: This method
has a good therapeutic effect whether it is to reduce the neuropathic pain of patients
with simple brachial plexus inferior trunk injury, or to restore the function of finger
holding [28]. (4). Gracilis FFMT: The gracilis muscle is considered to be a good BPI
muscle metastasis due to its reliable proximal neurovascular pedicle and long ten-
don length, which can be used to treat elbow flexion difficulties caused by complete
brachial plexus injury [29].

5. Development of functional electrical stimulation
5.1 Selection of functional electrical stimulation methods

At present, due to different stimulation methods and electrode placement
positions, there are three main stimulation modes of FES: surface electrical
stimulation, percutaneous electrical stimulation, and fully implanted electrical
stimulation [30]. Each method has both advantages and disadvantages. (1). The
advantage of surface electrical stimulation is that there is no cumbersome opera-
tion of embedding the electrode in the body, and no need to perform secondary
operations for removing and needle electrodes, which reduces the possibility of
trauma. This method is convenient and does not cause pain, but also has a very
wide range of indications. However, it has the following disadvantages: ©. The
patient will feel discomfort when the stimulation intensity is high and there
will be a risk of scalding the skin, so the stimulation intensity and stimulation
depth will become relatively limited, which leads to the ineffective stimulation
of deep muscles, so that the effect produced is not very ideal. @. Since most of
the surface stimulation must be performed in the hospital, this will cause the
interval between two stimulations to be too long, and the patient’s compliance
will become worse. ®@. Stimulating a single muscle will also affect the contraction
and relaxation of surrounding muscles, reducing its specificity. (2). The advan-
tages of percutaneous electrical stimulation is that it is relatively simple and easy
to implement, and has a wide range of indications, but it cannot stimulate the
wounded skin, and there may be adverse reactions such as infection or skin dam-
age. (3). The advantages of fully implanted electrical stimulation: ®. It can not
only stimulate for a long time, but also maintain a high selective stimulation in
the case of low power, and the effect is reliable. @.It can avoid skin infection and
damage caused by percutaneous stimulation. ®. It can avoid the inconvenience
and discomfort caused by surface stimulation, and can prevent the defects that
cannot be accurately located due to low specificity [30]. However, the implanted
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electrode may also cause the electrode to shift or fall off, the battery is exhausted,
the connection points between the electrodes are not firm and so on, which

may cause complications such as infection of the electrode port and the body’s
rejection of the electrode [31].

5.2 Selection of functional electrical stimulation time

Electrical stimulation (ES) can promote injured nerve regeneration and func-
tional recovery, but how to choose the best stimulation time is still controversial.
Studies have shown that the immediate application of ES to the early injured nerve
can accelerate axon regeneration and nerve function recovery [32], but this effect
may only play in the initial stage of nerve regeneration, and will become smaller or
even disappear after the beginning of nerve growth [33]. Some studies also believe
that the above effects can also be achieved after a short delay in the FES start time
[34]. The exact mechanism for the short-term delay of ES to accelerate neural
recovery is still unclear, which may be related to the up-regulation of NGF expres-
sion by ES [35, 36]. As to whether ES can promote nerve regeneration at other time
points after nerve injury, different researchers have put forward different opinions.
For example, Zanakis [37] showed that once nerve regeneration starts, the presence
or absence of electric field stimulation will not affect it. After animal experiments,
Shen [38] found that FES can still promote nerve regeneration after 20 or even
60 days of nerve injury, and all the morphological, electrophysiological and neu-
rological function indicators of peripheral nerves show a significant upward trend.
For the stimulation of denervated muscles, it is generally believed that it should be
performed immediately after denervation, in order to prevent muscle atrophy and
restore motor function to the greatest extent.

5.3 Selection of functional electrical stimulation parameters

There are many factors that can affect the therapeutic effect of FES, and
stimulation parameters are one of them. So we mainly discuss the settings of the
following parameters. (1). Stimulation current: The commonly used stimulation
currents in clinic mainly include electric field, electromagnetic field, interme-
diate frequency electrical stimulation, pulse electrical stimulation, constant
weak direct current stimulation, etc. They can promote peripheral nerve repair,
accelerate nerve fiber regeneration, and prevent muscle atrophy. (2). Stimulation
intensity: Different intensities of es will have different effects on the regeneration
of nerve fibers. For example, using 1 mA current to stimulate the injured nerve
can significantly increase the nerve conduction speed, but the current intensity
of 4 mA has a detrimental effect on regenerating nerve fibers [39]. For the
stimulation of denervated muscles, due to the large amount of fat and connective
tissue present in it, which have a strong current transfer ability, it can reduce the
current reaching the muscle cells, so that muscle cells must be stimulated by high
current or even exponential current to reach the excited state. (3). Stimulation
pulse: The research found that the pulse used for stimulation can be divided into
single-phase pulse and two-phase pulse. Because monophasic pulses apply energy
to the body, and this energy will never be removed. Therefore, it may cause
potential damage to the stimulated tissue, while biphasic pulses use pulses of dif-
ferent amplitudes alternately on the body surface Stimulation, which can signifi-
cantly reduce the damage to the body [40]. In summary, the optimal parameters
of FES have not yet been unified, and further research is still needed. At the same
time, the effects of early, middle and late nerve recovery must be analyzed to
achieve satisfactory results.
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6. Application of functional electrical stimulation in brachial plexus
injury

6.1 Localization effect of functional electrical stimulation in interscalene
brachial plexus nerve block

Interscalene brachial plexus nerve block anesthesia is a common local nerve
block anesthesia method in clinic, which is often used in the operation anesthesia
of upper limb dysfunction caused by BPI. Traditional interscalene brachial plexus
nerve block is mainly based on anatomical landmarks and the clinical experience
of the anesthesiologist, and the success rate and effect are very different. In the
process of anesthesia operation, blind detection of nerve position with puncture
needle may lead to anesthesia failure, and patients may also have nerve injury
phenomenon, which seriously affects the success rate and safety of Interscalene
brachial plexus nerve block anesthesia. The use of neural electrical stimula-
tor can optimize the above problems [41]. Zhao Xiaojuan et al. [42] 50 patients
who needed upper limb surgery under Interscalene brachial plexus nerve block
anesthesia into observation group and control group with 25 cases in each group.
Before anesthesia, the two groups of patients were monitored by ECG, peripheral
veins were opened, and midazolam 2 mg was administered intravenously. The
patient was placed in a supine position, the affected limb was placed next to the
trunk, and the head was tilted to the opposite side. The use of low-frequency
ES can better increase the level of cAMP in nerve cells, thereby inducing cells
to conduct synthetic reactions. This response can promote dorsal root ganglion
(DRG) growth by up-regulating cell growth-related proteins and cytoskeleton
proteins [43]. The initial current of the stimulator is set to 1.0 mA and the fre-
quency is 1.0 Hz. When the puncture needle is close to the nerve trunk, it can
cause the effect muscles innervated by the nerve to contract. Adjust the position
of the stimulating needle to the median nerve or radial nerve or ulnar nerve of the
patient’s upper limbs. When the current is gradually reduced to 0.2-0.3 mA, there
will be no effective muscle contraction. After confirming that there is no blood
sucked back, inject 1% lidocaine into the extension tube connected to the insulated
needle. In the control group, the traditional allosensory method was used for
interscalene brachial plexus block. After observing various anesthesia indicators,
it was found that the overall excellent and good rate of the observation group was
higher than that of the control group, while the anesthesia operation time and the
incidence of adverse reactions were significantly lower than that of the control
group. It can be seen that the use of nerve stimulator to guide interscalene brachial
plexus nerve block can significantly shorten the time of anesthesia, increase the
success rate of anesthesia, and reduce the incidence of adverse reactions. It has
very important clinical significance for upper limb surgery [44].

6.2 Rehabilitation effect of functional electrical stimulation in brachial plexus
injury

After clinical practice, it was found that conventional conservative treatment
combined with standardized electrical stimulation can achieve better rehabilita-
tion effects. Standardized electrical stimulation therapy refers to the combination
of low-frequency electrical stimulation and medium-frequency electrical stimula-
tion, and then placing electrodes on the corresponding damaged muscles of the
patient to promote the regeneration and repair of injured nerves and prevent
denervation of skeletal muscles. At present, BPI comprehensive rehabilitation
training takes many forms. For example, Liu Suzhe [45] randomly divided 100
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children with obstetric brachial plexus palsy (OBPP) into two groups, one of
which received routine rehabilitation (oral neurotrophic drugs, self-functional
exercise at home, etc.), while the other group used a neuromuscular electrical
stimulator on the basis of conventional rehabilitation treatment. The results
showed that the addition of electromyographic stimulation can significantly
improve the prognostic rate of children with affected limbs. Liu Hui [46] took 36
children who were treated for brachial plexus injury as the research object and
were randomly divided into control group and experimental group, with 18 cases
in each group. The control group was treated with acupuncture and the experi-
mental group was combined with neuromuscular electrical stimulation on the
basis of the control group. A comparative analysis of the treatment effects of the
two groups of children found that the implementation of neuromuscular electri-
cal stimulation combined with acupuncture therapy has a significant therapeutic
effect and can effectively restore the function of the injured muscles of the
children. Gu Yudong et al. [47] took 43 BPI patients admitted to their hospital as
research subjects and randomly divided them into a treatment group and a control
group. The 21 patients in the treatment group received comprehensive rehabilita-
tion treatment such as percutaneous nerve stimulation and intermediate frequency
electrotherapy. The control group did not take such treatment measures. The
results of the study showed that compared with the observation group, the branch
and total branch injury function scores of the treatment group were significantly
higher than those of the control group, and the electromyography results showed
that the receptor nerve regeneration potential appeared earlier in the treatment
group. The above only exemplified part of the electrical stimulation combined
with conventional rehabilitation training, and the results all show that such com-
prehensive therapy has played a better role in repairing brachial plexus injury. In
addition, FES also has the characteristics of simple operation, safe and effective,
no side effects and so on, it can be widely used in clinical practice.

6.3 Therapeutic effect of functional electrical stimulation on neuropathic pain
caused by brachial plexus injury

In a prospective epidemiological survey, it was found that 60 of the 107 BPI
patients who were diagnosed with neuropathic pain using the DH4 questionnaire
were diagnosed. Neuropathic pain will have a certain impact on the patient’s mind
and quality of life [48]. At present, the commonly used clinical treatment measures
are mainly to control symptoms by taking painkillers, but the results obtained are
not optimistic, and there is a problem of treating the symptoms but not the root
cause. Therefore, it is especially important to find a way to relieve or even eradicate
neuralgia. Sun Yanli et al. [49] gave 31 patients with BPI combined with neuralgia to
improve circulation, nutritional nerves, pain relief and other conventional treat-
ments, and then supplemented with electrical stimulation (waveform: triangle
wave, intensity: 20-30 mA, frequency: 50-100 Hz, pulse width: 10MS, time: 1
time/d, 30 min/time, 10 times as a course of treatment). After using the visual ana-
logue scoring method, pain assessment form, and sleep self-rating scale to assess the
degree of pain, it was found that after 3-4 electrical stimulation treatments, 93.5%
of patients reported that it was effective, and the number and duration of burst pain
were significantly reduced compared to before treatment. After 2 treatment cycles,
all patients have reduced the use of painkillers to varying degrees, and 96.7% of
patients have controlled their pain in an ideal state. This study shows that the use of
FES can relieve neuropathic pain caused by BPI to a certain extent, and can improve
the quality of life of patients.
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7. Physiological mechanism of functional electrical stimulation for
brachial plexus injury

The mechanism by which FES exerts the above effects is not clear, but a large
number of studies have shown that it is closely related to factors such as promoting
the secretion of SCs and NTFs, promoting axon regeneration, increasing blood
supply, protecting muscle fibers, and reducing muscle fatigue.

7.1 Physiological mechanism of functional electrical stimulation promoting
nerve regeneration

The electric field generated by ES can stimulate SCs to crawl, migrate, prolifer-
ate and divide [50], making them further secrete NTFs such as BDNF, NGF and NT
4 /5 [51, 52]. Moreover, the electric field has a certain tendency to the structural
proteins, microfilaments and microtubules of axons, which can not only improve
the nerve growth speed, but also make the broken axons grow into the distal nerve
stump along the correct direction [53]. When the axon enters the neural tube of
the distal nerve stump, the number of axons passing through the repair site can be
increased to promote the increase in the number of motor neurons, sensory neurons
and the density of regenerative nerves [43], thus maximizing nerve function degree
of recovery.

ES can increase the level of Ca** by inducing cell membrane depolarization and
opening voltage-gated calcium channels, and the increase of Ca** can raise the
expression of BDNF and its TrkB mRNA, which is most closely related to motor
neuron regeneration [54], It can promote the reconnection of axons and muscles,
accelerate nerve conduction speed and enhance muscle fiber vitality, and then
restore damaged nerve function. Through research, it is found that the main target
of ES in downstream pathways is cyclic adenosine monophosphate (¢cAMP). The use
of low-frequency ES can better increase the level of cAMP in nerve cells and induce
cells to undergo synthetic reactions, which can upregulate the expression of cells
growth-related proteins and cytoskeleton proteins (including actin, tubulin, and
growth-associated protein 43) [55] to promote Dorsal root ganglion (DRG) neurite
outgrowth. At the same time, ES can also induce cAMP to activate phosphokinase
A (PKA), and activated PKA can mediate the phosphorylation of cAMP response
element binding protein (CREB) [56], which in turn activates downstream path-
ways and increases the expression of BDNF. When BNDF rises to a certain level, the
continuous increase of cCAMP can be maintained by inhibiting phosphodiesterase
[57]. Therefore, as long as a short electrical stimulation can cause a series of closed-
loop reactions that promote cAMP to rise and maintain a certain level.

7.2 Physiological mechanism of functional electrical stimulation inhibiting
skeletal muscle atrophy

Using NMES to stimulate the damaged muscles can make the muscles contract
passively and rhythmically, which can expand the nutritional blood vessels of the
damaged brachial plexus. The increased blood flow and circulatory stretching
caused by vasodilation may stimulate the production of vascular endothelial growth
factor. These growth factors can reduce the rate of vascular degeneration and induce
angiogenesis, which can accelerate the metabolism of denervated muscles, provide
various nutritional factors required for nerve regeneration, and remove harmful
substances to prevent them from accumulating in muscles [58], and will not affect
the reinnervation of nerves, at the same time, it can accelerate the establishment

63



Brachial Plexus Injury - New Techniques and Ideas

of effective contact between axons and distal effectors, restore the ultrastructure
of myofibrils and membrane Ca®* channels, thereby reducing muscle atrophy and
improving muscle function [59]. There are also certain differences in the effects of
different intensities of electrical stimulation on damaged muscles and the mecha-
nism of action, For example, medium frequency electrotherapy is a positive and
negative alternating current, which has no electrolytic effect on body tissues, there
is no acid-base reaction under the electrode, which can prevent chemical irritation
to the skin and reduce skin resistance. When the current intensity is high, the cur-
rent can directly reach the deep tissues, and the distance between cells and tissues
can be increased when used in the early stage of injury, thereby effectively prevent-
ing the adhesion of muscle fibers, tissue fibers and nerve fibers, and ultimately
achieving significant relief of muscle pain and reduction the purpose of tissue
adhesion and relieving scar contracture secondary to brachial plexus surgery [60].
High frequency electrical stimulation plays an important role in maintaining the
contractile function of type II muscle fibers, reducing muscle fatigue and prevent-
ing muscle atrophy [61].

Over time, most patients with BPI will experience varying degrees of muscle
atrophy, accompanied by programmed apoptosis of denervated skeletal muscle
cells [62]. When muscle atrophy reaches a certain degree, new nerves will not be
accepted and irreversible dysfunction will occur [63]. Paillard et al. [64] and others
believe that ES can activate satellite cells and promote the expression of myoblast
related biomarkers, which can reduce the expression of ubiquitin ligase gene related
to muscle atrophy, so as to remodel muscle fibers. Honda et al. [65] found that
muscle contraction induced by ES can prevent the reduction of muscle nucleus
caused by apoptotic changes, thereby reducing the aggregation of macrophages.
These changes may prevent the signal transduction of fibroblasts into myofibro-
blasts through the IL-13/TGF-f1 pathway, thus achieving the goal of inhibiting
muscle fibrosis and atrophy. FES can also induce mitochondrial generation,
improve mitochondrial function and prevent mitochondrial enzyme inactivation,
which can increase the energy supply of muscle cells and prevent rapid atrophy and
apoptosis of skeletal muscle [47].

8. Conclusion

In recent years, with the frequent occurrence of accidental injuries such as car
accidents, external force pulling, and heavy object crushing, BPI has shown an
upward trend year by year. Mild cases may have temporary upper limb dysfunction
with tingling or burning sensation and arm numbness and weakness; severe cases
may have varying degrees of muscle paralysis or atrophy of upper limbs, accompa-
nied by weakened or disappeared motor and sensory functions, and even appear
complete loss of upper limb function. Therefore, repairing the damaged brachial
plexus and promoting its functional recovery is an important problem that needs
to be solved urgently. The solution of this problem is related to the establishment
of nerve regeneration channels, neurotrophic factor regulation, immune response,
inflammatory response, hormone regulation and other local micro The forma-
tion of the environment is closely related. At present, the commonly used clinical
surgical treatment methods for BPI mainly include nerve transplantation, nerve
suture, nerve transfer (neuralization), etc. However, after surgery, combined with
conventional treatments such as FES can achieve a best rehabilitation effect. FES
can play a role in all aspects of BPI treatment. For example, in the repair of brachial
plexus injury, FES combined with ultrasound can accurately locate the nerve block
site and shorten the anesthesia time; in the process of postoperative rehabilitation,
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combined with conventional conservative treatment can promote the regeneration
of injured brachial plexus and inhibit denervated skeletal muscle atrophy. In addi-
tion, FES can relieve neuropathic pain caused by BPI.

Although FES has a certain promoting effect in the various processes of brachial
plexus repair, each BPI patient’s blood supply, degree of injury, psychological
endurance and self-rehabilitation ability are different, and FES itself also has @.
Cost problem. @. Electrode material selection. ®. Optimal combination of electrical
stimulation parameters. @. Optimal stimulus site selection and other problems have
not been resolved, so the efficiency of functional recovery still cannot reach the
inherent motor ability of human beings. Therefore, we hope that in future research,
we can conduct in-depth studies on the adjustment of the frequency, amplitude,
and pulse width of electrical stimulation, as well as at which stage of nerve repair
to start electrical stimulation, so as to overcome the problems of nerve regeneration
and nerve function repair.
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Nomenclature

BPI Brachial Plexus Injury

FES Functional Electrical Stimulation
NMES Neuromuscular Electrical Stimulation
SCs Schwann Cells

NTFs Neurotrophic Factors

NGF Nerve Growth Factor

BDNF Brain-Derived Neurotrophin Factor
NT Neurotrophin

CNTF Ciliaryneurotrophic Factor

IL Interleukin

FGF Fibroblast Growth Factor

GDNF Glial Cell Line-derived Neurotrophic Factor
IGF Insulin-Like Growth Factor

TrkB Tyrosine Kinase Receptors

TNF Tumor Necrosis Factor

TGF-p Transforming Growth Factor f§
FFMT Free Functional Muscle Transfer
SAN Spinal Accessory Nerve

MCN Musculocutaneous Nerve

ICNs Intercostal Nerves
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TRN
MPN
ES
OBPP
cAMP
DRG
PKA
CREB
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Abstract

Traditional outcome measurement scales, such as the Medical Research Council
(MRC) score, the Active Movement Scale (AMS), and Mallet score, are used by
surgeons to assess outcomes in patients with obstetric brachial plexus palsy (OBPP).
The measurement scales used to evaluate patients fall under the International
Classification of Functioning (ICF) domains of Body Function, Body Structure,
Activity, Participation, and Environment and are used to assess function and
disability of patients. Currently used outcome measures scales for OBPP are also
contrasted with those used for another perinatal condition affecting the upper limb,
cerebral palsy (CP).

Keywords: brachial plexus injury, brachial plexus palsy, evaluation measurement,
international classification, outcome assessment

1. Introduction

Patients with OBPP are treated with a multidisciplinary approach. As soon as
the diagnosis is suspected, patients are referred to neurology, as well as physical and
occupational therapy. Rehabilitation focuses on contracture prevention, including
passive range of motion exercises at relevant joints, supportive splints for elbows
and hand, and muscle strengthening exercises to promote normal function [1, 2].
Primary or secondary surgical intervention is indicated in cases of severe nerve
injury and absent or suboptimal functional recovery. Interventions include nerve
microsurgery, joint and bony procedures, tendon lengthening and transfers [3].
Post-operative management after nerve surgery can also include electrical muscle
stimulation to facilitate muscle function [4]. Botulinum toxin injections can be used
to treat muscle imbalance and contractures. A systematic review identified 4 groups
of indicators for botulinum injection: contracture of shoulder adduction, limited
active elbow flexion and extension, and pronation contracture of the lower arm
[5]. However, specific indications for nerve repair or secondary surgery are largely
institution-specific due to a lack of randomized trials and multicenter prospective
studies.

Outcomes are often difficult to compare due to the variability of anatomical
lesions, variety in surgical technique, and difference in outcome reporting [6].
While the majority of OBPP outcome measurements focus on the functional limita-
tion of the upper extremity, affected children often have associated psychosocial
problems, most commonly in the area of activity and participation, such as sports
[7]. In comparison to healthy children, children with OBPP have been found to be at
high risk for anxiety, depression, and aggression. Mothers with children with OBPP
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Figure 1.
Integrated ICF Model [9].

have been found to have increased maternal distress compared to mothers with
healthy children [8].

The International Classification of Functioning, Disability and Health (ICF) isa
validated and valuable tool developed by the World Health Organization for identi-
fying and comparing areas of function and disability of persons in several domains.
The ICF framework consists of five domains: body structure, body function,
activity, participation, and environmental factors [9]. These domains are detailed
in the integrated biopsychosocial model in Figure 1. The activity domain evaluates
task execution in the context of disablement or physical ability. The participation
domain addresses patient involvement in activities of daily living (ADL) or patient
self-perception of engagement and psychometric well-being [10]. Children, adoles-
cents, and young adults with OBPP are important stakeholders, and the application
of holistic OBPP evaluation that measures various ICF domains can help improve
understanding of their situation. In this chapter, we describe all currently used out-
come measures for OBPP, map them against domains in International Classification
of Functioning, Disability and Health, and contrast OBPP with another perinatal
condition affecting the upper limb, cerebral palsy (CP).

2. Outcomes in OBPP
2.1 Traditional OBPP outcome measures

With the onset of World War I and II alongside the spread of poliomyelitis,
surgeons and neurologists saw a rapid increase in peripheral nerve injuries in the
hospitals. A majority of these cases affected the upper limb, including brachial
plexus lesions. In response, the British Medical Research Council (MRC) created the
MRC score to examine the limbs for peripheral nerve lesions as seen in Table 1. It
tested limb segment positioning without and against gravity, and manual resistance
was tested to grade muscle strength on a six point scale measuring no activity, flicker,
movement with gravity eliminated, movement against gravity, and normal power.
Grade 4 is subdivided into 3 categories: slight, moderate, and strong resistance.
However, these subdivisions are subjective and thus, levels of resistance are highly
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MRC score

Grade Clinical Finding

0 No contraction
1 Flicker, trace of contraction
2 Active movement with gravity eliminated
3 Active movement against gravity
4 Active movement against gravity and resistance
5 Normal power
Table 1.
MRC scove [11].

dependent on the evaluator [11]. The MRC scale has become the most recognized
scale for evaluating strength in patients with peripheral nerve injuries, and it is
commonly used for assessing elbow flexion in infants with OBPP [12-16]. Individual
surgeons often develop and use their own modifications for documenting results,
especially for how grade 4 can be defined for different movements or muscles.

Over time, the Gilbert Muscle Grading System emerged in 1987 to address MRC’s
limitations with manual resistance as seen in Table 2. It evaluates shoulder func-
tion on a 0-5 point scale, representing: flaccid, no active external rotation (ER) at
abduction to 45°, no active ER at abduction to <90°, weak active ER at abduction
to 90°, weak active ER at abduction to <120°, and complete active ER at abduction
to >120° [17]. The Gilbert shoulder abduction sub score can be converted into the
Mallet shoulder abduction sub score by utilizing the corresponding range of motion
[18]. In both cases, the MRC scale is not suitable for infants due to the cognitive
requirement for the exam [19].

The Miami scale was developed to address the limitation in choosing a grade
within the Gilbert system. It totals the score for shoulder abduction and external
rotation to calculate a grade of 0-5, where O represents no function and 5 is excel-
lent. This score has been found to have a weak correlation with Gilbert and Mallet,
but it has not been validated for OBPP [20].

A decade earlier, the Mallet score was created in 1972 to evaluate OBPP injuries
on a scale of 1-5 by testing functionality of the affected limb as seen in Table 3 [21].
Commonly used to assess shoulder abduction before and after surgery, the Mallet
score translates grade of shoulder external rotation into degrees of deficiency.

A score of 1 corresponds to a flail shoulder and a score of 5 indicating a normal
shoulder [22]. The Mallet classification system includes 5 sub scores for shoulder
movements: abduction, external rotation, hand to neck, hand on spine, and hand to
mouth, to give a maximum score of 25. Active range of motion measurements can
be translated into the Mallet scale [21].

Modified versions of the Mallet scale have also been created. In addition to
the classical shoulder assessments of the Mallet system, Birch’s modified Mallet
system evaluates resting position and fixed forearm supination on a scale of 1-5,
with 1 being most affected and 5 being normal [23]. Nath et al’s modified Mallet
system integrates Birch’s modification to further define deformity [24]. Terzis and
Papakonstantinou created a modified Mallet scale that measures the same shoulder
movements as the original Mallet scale, but it uses a scale of 1-4 [25]. Abzug et al’s
modification measures a 6th sub score to the original Mallet system: hand to belly;
this additional internal rotation position improves assessment of postoperative
midline function [26, 27].
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Gilbert Shoulder Classification

Grade (Function) Clinical Finding

0 (none) Flaccid shoulder

1 (poor) No active external rotation at abduction to 45°

2 (fair) No external rotation at abduction to 90°

3 (satisfactory) Weak active external rotation at abduction to 90°

4 (good) Weak active external rotation at abduction to <120°

5 (excellent) Complete active external rotation at abduction to >120°
Table 2.

Gilbert Shoulder Classification [17].

Mallet Score

Grade Clinical Finding

I Flail shoulder

II 0° of external rotation
Active abduction <30°
Hand to mouth with marked trumpet sign
Hand to back of neck impossible
Hand to back impossible

111 External rotation < 20°
Active abduction 30°- 90°
Hand to mouth possible with partial trumpet sign (> 40° shoulder abduction)
Hand to back of neck with difficulty
Hand to back with difficulty

A% External rotation > 20°
Active abduction > 90°
Hand to mouth easy with <40° shoulder abduction
Hand to back of neck easy
Hand to back easy

\% Normal shoulder

Table 3.
Mallet score [21].

After noting the deficiencies in the Mallet and MRC scoring systems, the active
movement scale (AMS) was created in 1995 as a novel evaluative tool to be used on
infants and children at any time point (Table 4). While a child is playing, upper
limb movement is observed in the gravity-eliminated and anti-gravity planes. At the
shoulder, abduction, and adduction, flexion, external rotation, internal rotation are
tested; at the elbow, flexion and extension; at the forearm, pronation and supina-
tion; at the wrist, finger, and thumb, flexion and extension. AMS is quantified
on an 8 point scale (0 for no visible contraction to 7 for full motion) based on the
percent of active motion noted within individual joint passive range of motion [28].
It is recommended that the estimated passive range of motion (PROM) be verified
with goniometry for accurate scoring [29]. It has showed moderate to excellent
reliability in children with OBPP between 1 month and 15 years of age [30]. Active
range of motion measurements can be reliably converted to the AMS scale. The
extended numerical scale improves distinguishing ability and allows for extended
statistical analysis.
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However, upper-extremity movements of forearm pronation and supination are
less reliably evaluated with AMS [19]. AMS has been shown to be more popular in
North America while Europe has shown preference towards MRC. Although it has
been shown to work on an extended age range, AMS is typically used in younger
children [31]. Though this is the case, AMS is often time consuming in younger
children as it requires patience and creativity from the provider and cooperation
from the child to elicit all the desired motions [32].

The Toronto Test Score was created in 1994 to predict a child’s prognosis prior
to microsurgical intervention (Table 5). Shoulder flexion, extension, abduction,
and external rotation is measured; elbow flexion, radioulnar supination, and wrist
extension is also recorded. On a scale of 0 (no motion or contraction) to 7 (full
motion), if a 3 month child scores < 3.5, this result reccommends nerve surgery [33].
It has been validated for use in children with OBPP. Composite Toronto and AMS
scores have demonstrated a strong correlation [34].

In 1993, the Raimondi hand and wrist score was developed specifically for OBPP
with a scale ranging from 1, for total palsy, to 5, for nearly normal hand function
(Table 6). By incorporating sensation and motor function in its evaluation, the
Raimondi scale is able to determine extent of hand function [35]. The Gilbert-
Raimondi score classifies elbow function in OBPP by analyzing flexion, extension,

AMS Score
Grade Clinical Finding
0 Gravity eliminated: no contraction
1 Gravity eliminated: contraction, no motion
2 Gravity eliminated: motion < %2 range
3 Gravity eliminated: Motion > Y2 range
4 Gravity eliminated: full motion
5 Against gravity: motion < %2 range
6 Against gravity: motion > %2 range
7 Against gravity: full motion
Table 4.
AMS Score [28].

Toronto Score

Grade Clinical Finding Score
0 Gravity eliminated: no contraction
1 Gravity eliminated: contraction, no motion 3
2 Gravity eliminated: motion < %2 range 3
3 Gravity eliminated: Motion > %2 range 6
4 Gravity eliminated: full motion 6
5 Against gravity: motion < %2 range 6
6 Against gravity: motion > %2 range 13
7 Against gravity: full motion 2
Table 5.
Toronto Test Score [33].
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Raimondi Hand Score
Grade Clinical Finding
0 Complete paralysis or functionally useless finger flexion

Non-usable thumbs without grasping function
Little or no sensation

1 Limited finger flexion
No finger or wrist extension
Key grip possible

2 Active wrist extension

Passive flexion of fingers (tenodesis)
Passive key grip in pronation

3 Complete active finger and wrist flexion
Active thumb movement, including abduction and opposition
Intrinsic equilibrium
No active supination

4 Complete active finger and wrist flexion
Active wrist extension but weak finger extension
Good opposition of thumb with active ulnar intrinsic muscles
Partial pronation and supination

5 Grade 4, but with active finger extension
Complete pronation and supination

Table 6.
Raimondi Hand Score [35].

and lack of extension to assign a value of I (poor recovery), II (satisfactory recov-
ery) or III (good recovery) [36]. Gilbert-Raimondi can also be used to classify hand
function on a scale of 0 to 5 [37].

Active range of motion (AROM) has shown to have the largest support from the
international brachial plexus surgeon community according to the iPLUTO study
[31]. It has a continuous scale and normative values are readily available. However,
the methodology in assessment varies. Some use goniometers for a precise mea-
surement; however, it is cumbersome to use, especially with a fussy child. Passive
range of motion (PROM) is also commonly assessed and reported as these children
commonly develop internal rotation shoulder and elbow flexion contractures [31].

Traditional surgeon- or therapist-reported physical exam outcome measures,
like Mallet, Toronto, and AMS, have been validated for OBPP and can discriminate
the deficit in active range of motion in the upper extremity [30]. However, these
scales focus primarily on individual muscle power. Systematic review has shown
that measures of shoulder or elbow range of motion are most frequently used
for outcome assessment for OBPP [38]. Notably, a study surveyed attendees of
the International Symposium of Brachial Plexus Surgery over the course of nine
months. Fifty-nine participants responded and all but two were surgeons. Most
responders were based in Europe or North America and identified as a member of
a brachial plexus team. There was a consensus (76%) to include passive range of
motion for shoulder adduction and abduction and elbow extension. 95% of respon-
dents believed active range motion should also be measured by evaluating shoulder
abduction and adduction, elbow flexion and extension, wrist extension, and finger
flexion and extension. 83% expressed that the Mallet score was a suitable outcome
measure, and 76% said it should be expressed using its sub scores for each move-
ment, rather than using an aggregate score. There was also insufficient evidence for
the use of Azbug et al’s modified Mallet scale, which includes hand-to-belly to assess
active internal rotation [31].

80



Outcome Measures in OBPP
DOI: http://dx.doi.org/10.5772/intechopen.98796

2.2 Importance of ICF framework

At each age group, there is a different motivation for assessment. During
infancy, the degree of impairment is identified and recovery is monitored to
determine qualification for surgery; thus, range of motion, strength, and limb
integration must be evaluated. As the child develops, the assessment must evolve
with them. For a school-aged patient, participation in age-related school and leisure
activities as well as qualify of life is important to their development. Adolescents
with OBPP may face functional limitations stemming from factors that these
surgeon-centered outcome measures do not assess, such as psychosocial factors,
poor self-perception, or social environmental influences [39]. While functional
impairment must also be measured, psychometric assessment must now be
included to holistically measure OBPP outcomes [10].

Several tools have been developed for global clinical assessment that evalu-
ate domains aside from “body function and structure”, which has been well
documented by the MRC, Mallet, and AMS scales. The Brachial Plexus Outcome
Measure (BPOM) activity scale, specific for school-aged children with OBPP,
measures function relative to activity limitations stemming from brachial plexus
nerve injury. It consists of eleven tasks, which contain components of the fifteen
movements used in the AMS scale, and performance is graded using the Functional
Movement Scale ranging from 1 to 5. Patients fill out the self-evaluation scale with
3 visual analog scales to score perceived hand and arm function as well as aesthetic
appearance of the affected limb [40]. BPOM measures a component of the ICF defi-
nition of participation by considering the child’s upper limb performance within
the context of their life [38]. Its authors recommend clinicians to supplement the
BPOM activity scale with a global standardized participation questionnaire when
needed to measure the ICF “activity and participation” domain [40].

Sensory discriminatory function in patients with OBPP can be evaluated using
Semmes-Weinstein monofilaments and two-point discrimination. The Semmes-
Weinstein monofilament test uses five monofilaments of different diameters, where
thicker filaments exert higher pressure when applied to skin [41]. Behavior cues, such
as retractive movements with active motion and facial grimacing, in response to pin-
prick across dermatomes can be classified using the Sensory Grading Scale by Narakas
when testing infants [10]. It is classified under the “body function” ICF domain [38].

Noting the lack of sensitivity of the Gilbert-Raimondi hand classification,
the nine hole peg test has been validated to evaluate fine upper motor function
in patients with OBPP [42]. It requires participants to repeatedly place and sub-
sequently remove nine pegs into nine holes one at a time, as fast as they can. This
test has shown to have high interrater and test-retest reliability for both the adult
and pediatric population [43]. It is classified under the “activity” ICF domain
[44]. However, the iPLUTO survey showed a consensus to not use this tool [31].
Recognizing the dynamics of a dominant and assisting hand in bimanual hand activ-
ity, the Assisting Hand Assessment (AHA) was developed in 2003 as a hand function
evaluation tool for children with unilateral upper limb dysfunction, including those
with OBPP and cerebral palsy (CP). It has been shown to be reliable in children
between ages of 18 months and 12 years. Classified under the “activity” ICF domain,
the AHA reflects the person’s usual performance in daily activities [45].

The Children’s Hand-use Experience Questionnaire (CHEQ), a tool for evaluating
hand function in unilateral upper limb injury, covers the level of activity in the ICF
framework. It is administered in two steps. First, a play session requiring bimanual
handling of 22 specific toys is observed; then, the session is reviewed by trained
assessors to rate each object-related action on a 4-point scale. It is unique as the
questionnaire includes the child’s emotional experience of impaired hand function in
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bimanual activities. Validity has been demonstrated in adolescents aged 6-18 years
with OBPP and CP. It should be noted that ratings for children under 13 years of age
are completed by parents, who tend to overestimate their child’s problems [46].

Disability is commonly assessed by the Disabilities of the Arm, Shoulder,
and Hand (DASH) outcome measure in brachial plexus injuries. It is a 30 item,
self-reported questionnaire measuring physical function where every question
is answered on a scale from 1 to 5, and the total minimum score ranges between
30 and 150 [47]. It has shown responsiveness and validity across the whole upper
extremity in adults and covers the “activity and participation” ICF domain [48, 49].
A shorter version, QuickDASH, is comprised of 11 items assessed on a 5-point
scale; it has shown higher discriminatory power in detecting disability and has been
proven as a valid instrument for children ages 8-18 [50].

To determine arm and hand spontaneous function in the home environment,
the parent-reported Hand Use at Home (HUH) questionnaire was developed, which
is categorized under the activity and participation of ICF. It includes a host of
bimanual activities and has been validated in children aged 3-10 years with unilat-
eral cerebral palsy and OBPP [51].

The Pediatric Outcomes Data Collection Instrument (PODCI) was developed to
provide a standardized outcome measurement for pediatric musculoskeletal condi-
tions, and it has been validated for OBPP [52]. The tool has seven dimensions: upper
extremity function, transfers and mobility, physical function and sports, comfort
or lack of pain, happiness, satisfaction, and expectations [53]. It falls under the
“activity, participation, and environmental” domains of the ICF framework [38].

The 36 item Pediatric Quality of Life Inventory, PedsQL, assesses the impact of a
child’s chronic condition on the family, where a higher score represents low impact
[54]. It is developed for pediatric patients with chronic health conditions. It is a
promising health-related quality of life instrument designed for a broad age range,
including categories for both parents and patients. It measures the core health
dimensions outlined by the WHO, including functionality at school [55]. This
measurement is a validated outcome measure that is categorized under the “activity
and participation” ICF domain [44].

Patient-Reported Outcomes Measurement Information System (PROMIS) devel-
oped by the NIH includes several measures to holistically evaluate physical, mental,
and social health [56]. The health quality of children with obstetric brachial plexus
palsy as measured by PROMIS is not well understood. For other brachial plexus
related injuries, such as brachial plexus birth injury, PROMIS domains have shown
promise as useful tools for evaluation [56].

A summary of OBPP outcome measure classification by ICF domain can be
found in Figure 2. In a systematic review of classifying OBPP outcome measures by
ICF domain, only 8% (18/217) of papers represented the ICF component of “activ-
ity and participation” and only 4% (9/217) of studies incorporated the concept of
environmental factors during OBPP measurement; the remaining 88% (190/217)
studied the ICF domain of “body structure and function”. In total, only 2% (4/217)
of papers evaluated all three ICF domains [38]. It should be noted that the ICF
framework does not include the impact of the child’s disability on the family. Family
members have been found to experience “third-party functioning and disability” as
a result of their loved one’s health condition [57].

2.3 OBPP evaluation contrasted with CP evaluation
Similar to OBPP, children with the most common type of hemiplegic cerebral

palsy (HCP) have a weak upper limb from their pre- or perinatal period. In CP,
damage or abnormalities of the cerebral motor cortex affects muscle coordination
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Figure 2.
Classification of OBPP outcome measuves by ICF domain.

and movement. Other central nervous system deficits in HCP include sensory
impairments, failure of sensorimotor integration, and potential learning disabilities
[58]. There has been extensive study of upper extremity dysfunction in children
with CP, including the age at which children plateau in function and the use of
multimodal therapeutics such as synergistic Botox, occupational therapy, and
augmented feedback therapeutics such as virtual reality [58].

Children with HCP often take longer to complete bimanual activities. They may
ask for assistance if they are comfortable or they may avoid certain activities due to
negative effects on their self-esteem and self-concept. This interplay between body
structure and function with environmental and personal factors again proves the
importance of the ICF framework.

Since cerebral palsy and obstetric brachial plexus palsy both exhibit unilateral
upper limb palsy, they share several outcome measurements. AROM and PROM
are also often measured by goniometry for CP patients, similar to OBPP patients.
For both diagnoses, it is important to note that this outcome can be affected by age,
gender, baseline level of physical activity, and any co-existing illness. MRC has been
utilized for measuring muscle power in CP patients although this was developed
initially for brachial plexus lesions [59]. Mean time to complete nine-hole pegboard,
which measures finger dexterity, has been used in CP patients as well [60, 61].

Other scales more specific to CP that fall under the “body function and struc-
ture” domain of the ICF framework include the Ashworth and Modified Ashworth
scales for spasticity and Kendall scale for muscle strength [62]. The Quality of
Upper Extremity Skills Test (QUEST) is used to assess the body structure and func-
tion domain by taking into consideration disassociated movement, grasp, protective
extension, and weight bearing. The test-retest reliability ranges from 0.75 to 0.95
depending on the factor considered [63]. The Melbourne Assessment of Unilateral
Upper Limb Function (MUUL) is a video-based measurement with 16 items, each
containing subskills that cover various characteristics of movement including
target accuracy, fluency, and movement. A score out of 122 is calculated and then
converted into a percentage that describes the quality of upper limb movement in
CP patients [64]. The Box and Blocks timed test measures unilateral dexterity by
having children move blocks from one side a box to another using the dominant
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hand and the non-dominant hand [65]. The Barry-Albright Dystonia (BAD) scale
rates the severity of dystonia in eight different body regions—eyes, mouth, neck,
trunk, both arms, and both legs [66].

There are also a variety of scales utilized to assess OBPP that are also used for
CP that address the activity and participation domain of the ICF framework. One
such outcome measure, as previously mentioned, is the Assisting Hand Assessment
(AHA). Children with unilateral CP are videorecorded as they play with toys and/
or boardgames that provoke use of both hands and are then assigned a raw score
between 22 and 88 which are then converted to logit based AHA units [45]. AHA is
often used in research and has good reliability and validity in children but requires
extensive training to administer the assessment. The Pediatric Outcomes Data
Collection Instrument (PODCI) helps families communicate information about
their environment and share how it affects the gait and quality of life of children
with musculoskeletal health issues. In comparison to its use for OBPP, PODCI only
demonstrates moderate sensitivity to detect changes of walking function due to its
expansive scoring system [67]. This outcome measure also has high ceiling effects
[68]. Childrens Hand-use Experience Questionnaire (CHEQ ) was developed to be a
useful tool to assess patients who have limitations in one hand making it difficult to
perform bimanual activities.

There are other outcome measures that fall under the activity and participation
domain used for CP but not OBPP. Pediatric Quality of Life Inventory (PedsQL), a
part of the participation ICF domain, is used by families to score their children with
CP taking into consideration a variety of other factors that affect life [69-71]. One
that falls under the ICF framework is Pediatric Evaluation of Disability Inventory
(PEDI). PEDI is administered to children less than seven years of age and is format-
ted as a semi-structured interview administered by proxy [72]. It assesses for ability
to provide self-care and maintain social function. The Canadian Occupational
Performance Measure (COPM) is a 5-step process used by occupational therapists
to evaluate the effect of therapy on various individualized outcomes of importance
such as self-care, productivity, and leisure and rate performance and satisfaction
on a scale of 1-10 [73]. Jebsen Taylor Hand Function Test (JTHFT) is a timed test
of hand dexterity in everyday activities used in children greater than 5 years of age
[74]. Although COPM and JTHFT are not diagnosis specific to CP, they have been
utilized to evaluate CP patients over time [74, 75]. PROMIS has also been utilized
for CP patient evaluation [76]. The Hand Assessment for Infants (HAI) is used to
describe unilateral hand function in CP patients by quantifying the contribution
of each hand separately and together during a 10-15-minute play session with
specific toys eliciting a wide range of motor actions [77]. Both Hands Assessment
(BoHA) is a video-taped tool that was developed for children under 12 years of
age with bilateral CP and measures the effectiveness of each individual hand
during multiple bimanual tasks. Although the scale is highly precise and captures
the mobility subdomain of the activity domain of the ICF framework, it requires
administrators to undergo formal training and scoring can be time-intensive [78].
ABILHAND-Kids, from the self-care subdomain of the activity domain, is a ques-
tionnaire administered to the parents of CP children, thus leading to possible over-
or under-estimation of their child’s bimanual everyday activities [78]. The Gross
Motor Function Scale (GMFS) evaluates a child’s ability to complete basic motor
functions such as crawling, jumping, or climbing up stairs on a four point scale for
each task [79]. Peabody Developmental Motor Scales second edition (PDMS-2)
assesses fine motor skills in children with results expressed as raw scores, standard
scores and total motor quotient [80]. Children’s Assessment of Participation and
Assessment (CAPE) is a 55-item questionnaire administered to the child and parent
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Figure 3.
Classification of CP outcome measures by ICF domain.

and is designed to examine how children with physical disabilities like CP partici-
pate in everyday activities outside of the school setting and document the diversity,
intensity, and enjoyment of activities [81].

A summary of CP outcome measure classification by ICF domain can be found
in Figure 3. There is a discordance between outcome measures that focus on
ICF levels of activity and participation and functional measures that attempt to
quantify motion. Both OBPP and CP have effects on patients beyond movement
and strength. Quality of life, stress to caregivers, involvement in school and family
activities, self-image and self-esteem can all be affected, indicating the need for
more biopsychosocial approaches. Although capturing outcomes incorporating
multiple domains of the ICF framework is beneficial, the amount of time and train-
ing required for measures of activity and participation often leads to these out-
comes not being utilized to its full extent in the clinical setting. The existing body
of literature shows that compared to OBPP surgeons, CP surgeons report on more
domains of the ICF framework. Mallet, MRC, AMS, AROM, PROM, and Gilbert are
mostly used in reporting outcomes on OBPP patients, putting emphasis on quanti-
fying motion. In CP, more emphasis may be placed on activity and participation due
to the added complexity of the diagnosis with neurological involvement.

3. Conclusions

Currently, most tools used to assess OBPP progression measure range of motion
and strength, which are classified under the body function and structure domain of
the ICF model. Numerous instruments have been developed, such as the DASH and
PODCI score, to include other factors of disability, like self-perception and func-
tional impairment. However, these scales are not typically included during standard
OBPP assessments, in contrast to CP outcome reporting, which generally focuses
more on the activity and participation domain of the ICF model. Further standard-
ization and incorporation of outcomes that fall under the activity and participation
domain would be beneficial to assess OBPP more holistically.
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Abstract

Cortical plasticity is the brain’s capability of decoding new information through
growth and reorganization over our whole life spam. It is the basis for good out-
comes after reinnervation and for rehabilitation of adult and obstetric brachial
plexus injury. Knowledge about cortical reorganization is crucial to reconstructive
surgeons and physiotherapists that aim to give their patients a reasonable prognosis.
This chapter intends to present and summarize the current literature on how to
detect and quantify cortical plasticity and how research on factors that influence
cortical plasticity, mainly in relation to peripheral nerve and more precise brachial
plexus injury progresses. Peculiarities of adult and obstetric brachial plexus injuries
and their treatment are given. We present techniques that visualize and quantify
cortical plasticity with focus on functional imaging like fMRI and nTMS as well
as molecular aspects. Future research is needed to understand mechanisms of
how molecular changes on a synaptic level of a neuron influence the macroscopic
plasticity, to improve rehabilitative resources, to understand the exact prognostic
value of nTMS in brachial plexus injury and to investigate the therapeutic capabil-
ity of rTMS.

Keywords: cortical plasticity, cortical reorganization, adult brachial plexus injury,
obstetric brachial plexus injuries, nTMS, motor cortex, peripheral nerve lesion

1. Introduction

Cortical plasticity in general is the ability of neuronal tissue to adapt to chang-
ing requirements. It may either be a regular mechanism in physiological tissue,
or it appears after a central or peripheral injury. After brachial plexus injury, for
instance, the respective cortical area of the denervated peripheral nerves gets
reorganized after a certain time. Neighboring cortical areas migrate in the direction
of the newly formed “black whole”, until they occupy the area.

This chapter aims to give insights on how cortical plasticity may be detected and
quantified, why it is important for the outcome of patients with peripheral nerve
injury and how this may impact outcome prediction and outcome modification in
our patients.

Treatment of peripheral nerve injury and more precise brachial plexus injury
includes rehabilitation as well as reconstructive surgery. Reconstructive surgery is
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composed of the restoration of nerve function by nerve graft or nerve transfer or
secondary reconstructive techniques that may include tendon or muscle transfers.

Nerve graft means to bridge the proximal and distal end of the affected periph-
eral nerve with a donor nerve.

Nerve transfer is a technique where a functional donor nerve keeps its proximal
connection to the CNS and gets transferred on the affected nerve with its distal end.

Tendon transfer means the transfer of one functional tendon on a second tendon
whose muscle is paralytic due to a spinal or peripheral nerve injury.

Muscle transfer is the removal of an autologous muscle and the subsequent
implantation on another part of the body to improve functions after nerve injury,
for example.

Static techniques offer some benefit, when dynamic procedures cannot be per-
formed. An example would be the glenohumeral fusion after axillary nerve injury.

A major question in past and future research is: what happens with the corti-
cal representation of muscle and nerve function after reconstructive surgery and
which associated factors may impact patient’s outcome?

It is of high importance to the surgeon to be able to give his or her patient a real-
istic prognosis of the degree of recovery after surgery. For this purpose, a certain
knowledge of how cortical reorganization influences the prognosis of the surgical
treatment is essential. Because of that, this chapter dives deeper into some surgi-
cal techniques to help answering questions like why, for instance, an intercostal
nerve as donor leads to a better outcome in the biceps muscle concerning levels of
strength, compared to the hypoglossal nerve.

The passage which follows gives an overview of the most important imaging
techniques, which are essential to measure cortical plasticity in humans.

The main body of our chapter thereafter summarizes promising scientific work
on cortical plasticity in peripheral nerve injury in animals and humans and tries to
answer the main questions of this chapter mentioned above. Naturally, relatively
macroscopic changes in motor cortex underlie changes on a molecular basis. The
following passage will provide the basic approaches, as well as recent developments
in the field of synaptic plasticity, as they are a prerequisite for the understanding of
cortical plasticity in the future.

In summary, this chapter gives an introduction in adult and obstetric brachial
plexus injury. It gives definitions, and traces different types, surgical treatments,
and outcome. Next, two excellent imaging methods, fMRI and nTMS will be
introduced.

In the main part, cortical plasticity will be disentangled, progress in research
in animals and humans concerning cortical plasticity in peripheral neve injuries,
different types of CNS pathways involved in that, and a short introduction to the
molecular background, as mentioned above, are given.

To conclude this, future prospects and suggestions for further research are
shown, a conclusion will finally sum it up.

2. Adult brachial plexus injury
2.1 Definitions and types

Although adult brachial plexus injuries are relatively rare, they are nonetheless a
highly traumatic injury to a patient and can cause severe disability and pain. A com-

mon cause is, above all, high-velocity trauma caused by car or motorcycle accident,
which are sudden events leading to lasting physical and psychological handicaps.
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Anatomically and clinically, we can subclassify brachial plexus injuries in
upper and lower trunk lesions, resulting in different deficiencies. Upper trunk
brachial plexus injuries (C5-C6 roots) appear as a loss of shoulder abduction,
external rotation, elbow flexion, and forearm supination [1]. In comparison to
this, lower trunk brachial plexus injuries (C7, C8, Thl) typically lead to a loss of
elbow extension and deficits in finger and wrist movement. The extent or degree
of nerve injury may be classified according to Sunderland. The classification
specifies five degrees of nerve damage. The first one is neurapraxia, which is an
impermanent loss of motor and sensory function due to persistent pressure or
overstretching. Degree two to four describe different stages of axonotmesis, grade
five stands for neurotmesis (see 2.2) [2].

2.2 Surgical treatment and outcome

For the treatment of brachial plexus injuries, in general, a balanced estimation
has to be made in terms of time to wait for spontaneous recovery, which can occur
in mild lesions with axonotmesis [3]. Axonotmesis describes the transection of an
axon with preserved nerve sheath.

On the other hand, neurotmesis, which describes the rupture of the axon and up
to all surrounding structures, or avulsion of the nerve root from the spinal cord will
most likely not lead to spontaneous recovery [3]. In this case, a variety of surgical
repairing techniques has been developed to reconstruct nerve function.

Basically, there are multiple ways of reconnecting muscle tissue to the central
nervous system.

A nerve graft or nerve transplantation is an established way to bridge proximal
and distal ends of an injured nerve. An example for a nerve graft would be to bypass
an injured accessory nerve by use of smaller donors like the sural or auricularis
magnus nerve.

Then there is nerve transfer. In this procedure, a functional donor nerve is
sacrificed and gets connected to the affected muscle or the transected distal part
of the injured nerve. In terms of upper brachial plexus injuries, Leechavengvuongs
and Oberlin transfers are common and successful procedures, which are going to be
explained in detail in the next passage.

There are further techniques, like tendon transfer, which is the transfer of one
functional tendon on a second tendon whose muscle is paralytic due to a peripheral
nerve injury. An example would be a tendon transfer for drop foot correction.

Muscle transfer is the removal of an autologous muscle and the subsequent
implantation on another part of the body to improve functions after nerve injury,
for example.

For the upper brachial plexus injury, the restoration of elbow flexion should
be given the highest priority. Secondly, shoulder abduction, followed by external
rotation are important functions.

Concerning elbow flexion, in general, nerve grafting led to better outcomes
compared to nerve transfers. But taken alone the Oberlin transfer as an independent
procedure, its outcomes are better than nerve grafting, nerve transfers or combined
techniques [1].

In upper brachial plexus injury, the failure of the musculocutaneous nerve leads
to a deficiency in elbow flexion due to a disconnection to the biceps muscle. In the
Oberlin procedure, one fascicle of the ulnar nerve is being sacrificed as a donor
nerve for a nerve graft to the musculocutaneous nerve close to the access to the
biceps muscle. A fast motor recovery is being observed due to the close transfer to
the muscle [4].
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Another option is the phrenic or intercostal nerve transfer to the musculocuta-
neous nerve, which will be discussed as a well-researched example further below.

Regarding shoulder abduction, nerve transfer was significantly more successful
than nerve grafting or combined techniques [1]. A disruption of the axillary nerve
leads to abductor weakness in the deltoid muscle. The Leechavengvuongs transfer
uses one radial nerve branch to be transferred onto the axillary nerve to restore
abductor function [5, 6].

For the lower brachial plexus injury, the reinnervation of the median nerve for
digital sensibility and forearm flexor function, and the radial nerve for the exten-
sion of the elbow, wrist and fingers are higher priorities, compared to the ulnar
nerve, because the chance of recovery is lowest here. This is also the reason for
usually taking the ulnar nerve as a nerve graft, besides the more commonly used
sural nerve, to restore more important functions.

All in all, it is still not clarified why one repairing technique is better than the
other in different settings. Presumably, the superiority of nerve transfers in some
occasions is based on a combination of different influential factors. A shorter
distance for nerve regeneration, only one suture junction and a vascularized donor
nerve can be some reasons [1].

A deeper knowledge of how cortical plasticity influences the progress of reor-
ganization of the affected motor areas is therefore an essential prerequisite for a
satisfying outcome. What are requirements for a successful reinnervation, concern-
ing the right choice of donor nerve, surgical treatment and rehabilitation procedure
on the cortical level? How do other factors, like the age, influence plasticity?

To clarify this later, an overview on obstetric brachial plexus injury follows.

3. Obstetric brachial plexus injury
3.1 Definitions, incidence and types

The obstetric brachial plexus injury (OBPI) is a birth trauma, which may be
associated with complicated childbirth. Injuries are more common in the upper
brachial plexus (50% C5 and C6, 25% C5 to C7) or the panplexus (20%), rarely in
the lower brachial plexus (2%) alone.

With one shoulder blocked by the mother’s symphysis and the head already
born, the injury is usually caused by tension on the neck and shoulder region,
which can lead to a rupture of the neural structures mentioned above. This can
occur during natural and vacuum deliveries.

With an incidence of about 0.1 to 3 per 1000 live births, it is a relatively rare injury,
which nonetheless influences the child’s life and can causes severe disability and pain.

In [7], shoulder dystocia has been identified as the main risk factor for obstetric
brachial plexus injury. Others are an exceptionally high birth weight > 4.5 kilograms,
breech delivery, instrumented delivery, maternal diabetes and other minor factors.
In contrast to that, delivery by cesarean section and twin birth count as protective
factors. In addition, there are also references mentioning an intrauterine genesis of
obstetric brachial plexus injury [8]. It is important to mention that the majority of
cases did not have any risk factors.

The severity of the injury is based on the degree of damage caused to the
neurons. Like in adult brachial plexus injury, neurapraxia (reversible stretching)
and axonotmesis have a higher chance of recovery, compared to neurotmesis, which
is the rupture of the whole axon and up to all its surrounding structures. Avulsion
from the spinal cord does not really have a chance for spontaneous improvement.
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3.2 Surgical treatment and outcome

Spontaneous recovery occurred in 70 to 80% of all obstetric brachial plexus
injuries, the other cases needed treatment due to incomplete motor recovery or an
otherwise unsatisfying outcome.

On conservative treatment, no randomized controlled studies could be found.
An improved outcome could not be found for primary surgical treatment in
comparison to non-operative management. Nonetheless, surgical management was
superior to conservative management in severe cases. In those children, primary
surgical management led to a better outcome compared to secondary surgical
repair, but still improved motor recovery. Overall, treatment of these children
required a multidisciplinary team, as still 25% of the patients are affected by
permanent disability [8].

Surgical treatment consists of direct suturing or the surgical techniques men-
tioned above. For minor injuries, exploration of the affected plexus parts and resec-
tion of neuroma are treatment options. Primary reconstruction of the obstetric
brachia plexus injury leads to a satisfying outcome in terms of motor and sensitivity
of hand and elbow for most patients. A second surgical intervention is sometimes
needed to improve motor functions in wrist and shoulder [9, 10].

When we compare the outcome of surgical treatments of brachial plexus injury
in adults and infants, the second group gains a much better hand function in the
long term. This could be justified by the cause of the injury: In adults, this is usually
a high-velocity trauma, like a car or motorcycle accident, compared to the force-
fully overstretch of the head-shoulder region during birth in infants. On one hand,
a worse outcome for hand function could be influenced by other severe injuries
in the musculotosceletal area in adults [11]. On the other hand, the major factor
influencing cortical plasticity, and therefore the motor outcome, is age, which will
be discussed below (5.4).

4. Functional imaging methods
4.1fMRI

fMRI (functional magnetic resonance imaging) is a variation of MRI (magnetic
resonance imaging). It detects changes in tissue perfusion in different brain regions,
generated by a changing energy consumption of active nerve cells.

The BOLD (Blood-Oxygenation-Level Dependent)-Effect is a basic principle,
which the fMRI is based on. It depends on the presence of oxygenated hemoglobin,
which has no magnetic characteristics, compared to deoxygenated blood, which is
paramagnetic. This leads to the appearance of a magnetic field, which resultsin a
changing of rotation properties in hydrogen protons.

Briefly, neuronal activation leads to a hemodynamic response in the respective
area, which results in a different spinning behavior of protons and therefore to the
identification of active areas on the resulting image. It is important to note that this
reaction is an indirect measure of neural activity and underlies a delay of about five
seconds, which lowers the temporal resolution of this imaging method. In terms of
spatial resolution, compared to other imaging techniques, fMRI provides compara-
tively good outcomes.

Neuronal activity can either be evocated deliberately through tasks carried out
by the patient during the measurement, or passively as a resting state fMRI, which
shows the patient’s baseline bold variance.
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Apart from the good spatial resolution, fMRI has the advantages of not using
ionizing radiation and being painless for the patient. Also, it covers the whole brain,
including deeply localized brain structures.

fMRI can be used to detect sensorimotor, as well as language and visual cortices,
but its lack of specificity and sensitivity prevents it from becoming a gold standard
for the identification of such cortical regions. Apart from that, it might not always
represent real neural activity, as the signal changes with modified vasculariza-
tion. Finally, the MRI being a relatively loud imaging technique, makes it not the
ideal method for examining speech and language functions as it influences its own
results [12].

4.2nTMS

Transcranial magnetic stimulation (TMS) is a non-invasive diagnostic tool
to map eloquent areas for motor and speech function on the cortical surface . A
figure of eight shaped magnetic coil elicits an electric impulse on the patient’s
head surface hereby leading to a depolarization of cortical neurons. Navigated
TMS (nTMS) uses a high resolution T1 navigation sequence to generate an ana-
tomical model of the patient’s head. By navigating the stimulation coil and a head
tracker positioned on the subject’s forehead a high anatomical precision in cortical
mapping can be achieved. Motor responses are recorded by a free running EMG
recorded surface electrodes on the corresponding muscles.

A big advantage of the n'TMS technique is the possibility to navigate accurately
and individualized, but non-invasive.

During the measurement two objects are being located constantly in a 3D space:
First, information about the position of the patient’s head, in case of movement,
has to be transmitted to the system. For this case, a so called “head tracker” is fixed
on the forehead, which is in constant connection to an optical positioning sensor.
Secondly, the 3D position of the coil and intensity of the resulting magnetic field
has to be tracked simultaneously to allow optical orientation and therefore precise
stimulation. Here, a coil tracker transmits information about orientation, location
and tilting as relative coordinates to the positioning sensor.

The examiner connects the MRI scan and the real head through the use of a digi-
tizer pen at the beginning of a session by pointing given anatomical landmarks on
both the MRI scan and the head. Algorithms then link the scan to the patient’s head
coordinates and enable the examiner to see a real time e-field, which is dependent
on the position of the coil on an MRI 3D-model, on the n'TMS system display. Apart
from those devices, n'TMS hardware also includes a stimulator. It produces the
output pulse given by the nTMS software.

Furthermore, an EMG is attached on the side of the examination chair to
record motor evoked potentials (MEPs). MEPs are displayed on a free running
EMG on the display next to the 3D MRI model of the subject’s head. They are
synchronous to each stimulation and determine the color of the stimulation spot
on the MRI, which depends on the amplitude of the MEP. Lastly, a foot pedal is
there to apply stimuli and adjust intensity easily without having to move one hand
from the coil (Figure1).

For motor mappings, a stimulation along the central sulcus according to the
localization of the homunculus is performed. A few of the important parameters of
TMS are the Center of Gravity, which resembles the amplitude-weighted position
of the determined muscle on the motor map. The Motor threshold is the minimum
TMS intensity necessary to induce a motor-evoked potential from a specific muscle.
It refers to the inherent excitability [13]. Especially for the hand and arm motor
area, stimulation of the central sulcus, precentral gyrus and sulcus and postcentral
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Figure 1.
TMS hardware.

sulcus is recommended (please see [12] for more information on how to perform an
nTMS session) (Figure 2).

In summary, nTMS is a noninvasive motor mapping technique that allows us
to find the precise cortical location of motor or language functions in real time.
Clinical applications include in particular the preoperative mapping of language
regions and motor mapping in the management of peri-Rolandic tumors to locate
the pyramidal tract [12].

As for the limitations of this technique, the first point to mention is precision. A
study [14] estimates the spatial accuracy being better than 5 mm. As the tolerance
for registration is limited to 2-3 mm, one has to keep in mind that brain and sur-
rounding tissue can undergo changes due to neoplastic activities or intraoperative
movement.

Secondly, the magnetic field itself can be a limitation, as magnetic pulses
sometimes spread into subcortical white matter tracts. The activation of neurons
situated there can be misinterpreted as motor function.

Thirdly, some basic parameters in both motor and language mapping are not yet
investigated sufficiently enough, so that small adjustments in intensity and timing
can have a bigger impact on the measurement than it is known yet.
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Figure 2.
Example of stimulation results avound hand area.

A comparison of the two functional imaging techniques described above
includes advantages and disadvantages in terms of temporal and spatial resolu-
tion, accurateness and feasibility. fMRI has the disadvantage of measuring neural
activity indirectly through the product of three consecutive metabolic reactions,
which delays the output by several seconds. In temporal considerations, nTMS is
more accurate, as it more or less only takes the conduction velocity of the respective
nerve between in- and output. For spatial resolution, fMRI has the advantage of
reaching deeper brain regions on the one hand, but is not able to detect white mat-
ter connections, on the other hand. Compared to that, n'TMS only has a magnetic
field strong enough to reach a depth of two to three centimeters. Regarding certain
artifacts, n'TMS is resistant to abnormal vasculature, whereas fMRI gets affected by
that. Although there are some contraindications for n'TMS, such as aneurysm clips
and deep brain stimulators, they do not pose a risk for the patient, as they would do
in an MRI. Also not unimportant is the factor of patient participation. As for motor
mappings, no patient participation is required, although sessions can get really long
for patients, as well as quite painful during some measurements due to high stimu-
lation intensities. fMRI on the other side can cause claustrophobia, but is usually
not painful. In terms of accuracy, n'TMS produces motor maps with the highest
concordance rates with intraoperative DES motor maps [15].

As both of these techniques have their strengths, it is important to know
the indications and to pick the most suitable functional imaging method
individually.

4.3 Other measuring techniques

Further measuring techniques, apart from fMRI and nTMS, are summarized in
Table 1. A short description, strengths and weaknesses are displayed to gain a quick
overview. For the sake of completeness and comparability, fMRI and nTMS are
again included.

It can be suggested that a multi-modal approach as a combination of some of
these techniques could be most effective to gain an integrated picture of cortical
plasticity [17]. For instance, it would make sense to combine techniques with
the advantage of being able to measure with both a high temporal and spatial
resolution.
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For rehabilitation, [18] combined EEG and rTMS to gain a real time picture of
the excitability brain state to control the efficiency of cortical plasticity induced by
rTMS, to name only one example.

5. Cortical plasticity after peripheral nerve injuries
5.1 Introduction and definition

It is an established opinion in neuroscience for several decades now that the
brain is not a rigid and inflexible organ, but highly capable of decoding new infor-
mation through growth and reorganization over our whole life spam. All cortical
areas are able to process practiced movement or sensory experience, which called
Cortical Plasticity. It is the ability to increase cortex area that represents a certain
peripheral input which is proportionally most used.

To understand the background of cortical plasticity, a closer look has to be taken on
molecular mechanisms underlying this phenomenon. Already in 1949, Donald Hebb
postulated that “When an axon of cell A is near enough to excite B and repeatedly or
persistently takes part in firing it, some growth process or metabolic change takes place
in one or both cells such that A’ efficiency, as one of the cells firing B, is increased”
[19]. Several molecular mechanisms, including long-term potentiation and long-term
depression, underlie this feedback loop, which will be presented below (5.5).

The same basic principles that underlie encoding of practice or experience
can be detected in cortical reorganization following lesions of the central nervous
system. Although a lot of literature can be found on that, the consequences of corti-
cal reorganization after peripheral denervation and, subsequently, after surgical
reinnervation, are still not well investigated and understood, especially humans.
Some findings in the field of motor cortex reorganization come from fMRI and TMS
studies that were made after peripheral nerve injury or amputation. In contrast to
that, there are already interesting findings in animal research.

5.2 Cortical plasticity in animals

Cortical plasticity following peripheral nerve injuries has been investigated in
animals, especially in mice, rats and primates.

Merzenich et al. [20] and Jenkins et al. [21] are often-quoted articles from the
1980’s. In [20], the median nerve was transected and ligated in adult monkeys,
which lead to the inability of flexing the affected hand’s first three fingers. Through
microelectrode mapping several months after the transection of the nerve, one
found the former representative areas of the affected fingers occupied by expanded
representations of surrounding skin fields. Large new representative fields of fin-
ger four and five, as well as of the dorsal parts of fingers one, two, and three were
found. Some fields only expanded, some other moved completely into the former
areas of the denervated fingers. The topographic order of the remaining fingers
was reported to be regular, the size of the expanded or “new” areas approximately
correlated with the size of the original ones.

It could be observed that synaptic connections between motor cortex and
somatic musculature are continually reshaped in young and adult animals. In terms
of timing, it has been found that synaptic changes in motor cortex start developing
at most hours after the peripheral nerve transection, and continue their formation
at least for months.

Donoghue et al. [22] unmasked latent intracortical connections by pharma-
cologically blocking intracortical inhibition via GABA antagonists. Thereby,
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preexisting excitatory connections inside the motor cortex were revealed. In this
experiment, a peripheral nerve of adult rats got transected and simultaneously
blocked by GABA on the cortex level, and within a few hours, in the cortical terri-
tory of the affected body part, movements represented in adjacent primary motor
cortex areas were evoked. Due to this study, one can assume the existence of fibers
in healthy subjects which can form a possible basic structure of plasticity after
peripheral nerve injury.

The same group gave another example [23] of rapid motor cortex reorganization
after motor nerve transection in rats. With the help of maps made by intracorti-
cal electrical stimulation, comparisons between healthy rats and animals with a
facial nerve lesion showed a shift from vibrissae to forelimb representational areas
within hours after facial nerve transection. This again shows a continuous reshap-
ing of synaptic relations between motor cortex and somatic musculature in adult
mammals.

Apart from changes in the motor cortex representation within hours after a
lesion, [24] found long-term patterns of reorganization after lesions set between
one week and four months before. Again, with the help of maps made by intracorti-
cal electrical stimulation, comparisons between healthy rats and rats with a facial
nerve lesion and, this time, rats with a forelimb amputation, showed an enlarged
area representing the forelimb and eye/eyelid output for facial nerve transected
animals and an increase of the area for shoulder movements for the limb amputated
animals. As the extent of some representations of healthy musculature in both
experimental conditions increased, it can be concluded that M1 output relation-
ships with target muscles reorganize in response to nerve injury in adult animals
with a long-lasting effect, considering the rat’s life span of about two years.

5.3 Cortical plasticity in humans

Cortical plasticity following nerve transection has been investigated in humans,
too, whereas literature lacks in studies about cortical reorganization after nerve
transfer or nerve graft. In contrast to animal studies, imaging methods like direct
cortical stimulation can hardly be used in human subjects concerning the observa-
tion of cortical reorganization after peripheral nerve injuries. Therefore, the above-
mentioned methods of fMRI, nTMS, as well as magnetoencephalography (MEG),
and positron emission tomography (PET) can be used with all their advantages
and disadvantages. As mentioned above, TMS provides detailed motor maps, fMRI
provides good spatial resolution, MEG provides almost real-time temporal resolu-
tion, in return. A well-chosen combination of those techniques and derivates, like
fiber tracking, is essential to study cortical reorganization.

A look on different factors that determine outcome after surgical reinnerva-
tion shows that there are multiple criterions on which a successful intervention
depends:

In the first place, there is the distance between the cortical areas of donor and
receptor neuron. A mentioned previously, latent intracortical connections could
possibly be more distinct between areas that are located closer to each other on the
motor cortex. For example, in some cases, the hypoglossal nerve has been used
for a musculocutaneous transfer. Outcomes had been poor, because cortical motor
areas of both nerves are distantly located. In contrast to that, a hypoglossal-facial
nerve transfer shows better results, probably due to a closer location. Another good
example would be the success rate of the transfer of an intercostal to the muscu-
locutaneous nerve: The two nerves, though not being connected to the same body
part, probably share preexisting connections, because of body posture control
being an essential requirement for elbow flexion.
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Secondly, a presence or absence of lowly active interneural connections are also
likely to determine the outcome, which resembles the first point. Immediately after
deafferentation, unmasking of those fibers is probably based on the reduction of
GABAergic inhibition of neighboring neurons. This theory could be supported by
the detection of reduced GABA-staining at least in somatosensory cortex [25]. Also,
the unmasking of previously “silent” thalamocortical projections could play a role
in the immediate events taking place after a nerve transection.

Thirdly, as a main principle, the recovery of gross movements, like elbow
flexion, succeeds more often than that of finer movements, like finger or hand
movements. This fact could be based on the large area the hand occupies on motor
cortex, which is not so easy to be supported by enough axon donors surgically.

Fourthly, the long-term outcome depends on rehabilitation, which should start
early after intervention, include many repetitions and last two years minimum.
Additionally, sensory input is important for a motoric rehabilitation, so ideally,
sufficient sensory function should be ensured previously.

Finally, outcome clearly depends on the age at transection and on the degree of
injury, naturally. As above-mentioned, the treatment of neonatal brachial plexus
injuries has excellent results, which can be reasoned by a better axonal regenerative
capacity, but also by the shorter distances from the muscle to the brachial plexus. In
summary, two basic rules for successful reinnervation could be determined: A close
cortical location of the donor and acceptor nerve region and similar motor control
pathways, as well as the existence of (latent) connections between them [13, 26].

For studying effects of peripheral reinnervation on the cortex, fMRI might not
be the ideal tool, because it shows neural activity related to input and intracortical
processing, rather than output signals. In patients with reinnervated biceps muscle,
the M1 area representing the biceps of both affected and contralateral side showed no
difference between them neither in the number of active pixels, nor in the mean value
of their activations. So, although both areas seemed to activate the biceps muscle of
the respective side, the affected muscle could not have been reached by it [27, 28].

In contrast to that, TMS studies showed that a lateral shift of the intercostal
nerve area takes place shortly after the intercostal-musculocutaneous nerve trans-
fer. Little by little, this area conquers the former musculocutaneous area on motor
cortex. At the end of the process, it occupies the physiologic biceps area [27]. In
another TMS study, after the above-mentioned intervention, the cortical area of
the biceps of the affected arm was smaller and less excitable than the contralateral
one. But also, the newly-shifted former intercostal nerve area of the affected side
has been found occupying the former biceps side, which is a similar finding to the
experiment above [29].

Apart from diagnostics, repetitive transcranial magnetic stimulation (rTMS) is
used as a therapeutic tool. Recently, level A evidence was reached in the treatment
of neuropathic pain, depression, and for hand motor recovery in the post-acute
stage of stroke.

On healthy subjects, TMS was applied with the help of closed-loop stimulation.
Passively moving their hand via brain-machine-interface, subjects activated TMS
stimulation of their motor cortex. This synchronized coupled stimulation led to the
recruitment of additional corticospinal pathways [30].

Additionally, also in a healthy subject, TMS in combination with a brain-
machine interface increased the mean motor evoked potential (MEP). Compared
to that, the mean MEP could not be increased in a patient with ischemic hemiplegia
for five years with this experimental treatment [31].

All in all, experience should be gained on if and how (reinnervated) peripheral
nerve injuries could possibly be treated with TMS.
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5.4 Different types of CNS pathways involved

As mentioned above, denervation of the musculocutaneous nerve can be
reinnervated by a nerve transfer of an intercostal nerve. As intercostal nerves
were previously connected to muscles in charge of respiration and posture
control, patients are postoperatively able to move their biceps muscle through
inhaling. It can be observed that, after months, patients are able to flex their
elbow directly, which means without the “trick” of breathing. A TMS-study
examined this condition. Patients were stimulated during breathing, rest and
voluntary contraction of the biceps. In contrast to shortly after the reinnerva-
tion, MEPs were highest for the voluntary contraction, compared to the muscle
activity during respiration and rest. That implies that a shift must have been
taken place, where the cortical area once responsible for breathing and posture
control now enables a muscle of the arm to volitionally contract. Still, typical
respiratory EMG activity could be observed in subjects [32]. This is only one
example of many, but the question is: Why and how does this change of cortical
connectivity happen?

First, the above-mentioned study named the formation of new direct connec-
tions between the cortical intercostal nerve and musculocutaneous nerve area.
Through TMS, a lateral shift of the intercostal nerve area in the direction of the
biceps area could be observed. In the end, it occupied the original biceps area.

Secondly, axonal sprouting could be one of many, probably colluding, factors
contributing to cortical plasticity.

Thirdly, as already mentioned above, the cortex most likely contains a large
network of partly inactive, inhibited fibers, which gets stronger once another
inhibiting structure fails due to denervation and serves as a matrix or skeletal
structure for new connections to build on. These preexisting latent networks are
probably stronger between areas with a similar function or movements often done
simultaneously, for example stretching of the elbow and stretching of the wrist.
Latent connections between the biceps and intercostal muscles could preexist due to
the need of posture control during (powerful) biceps contraction.

Below, a table summarizes the above-mentioned factors influencing cortical
plasticity after peripheral nerve lesion. These factors should always be kept in mind
when planning a reconstructive surgery (Table 2).

5.5 Molecular background

Changes in synaptic plasticity seem to be the basic principle underlying cortical
plasticity. To study motor cortex reorganization, e.g., after brachial plexus injury,
it is crucial to understand how a change in peripheral input modifies patterns of
neuronal firing.

The above-mentioned rule of Donald Hebb or, in short, “Neurons that fire
together, wire together”, serves as a basic principle underlying synaptic plasticity.
Although not much was known then about the molecular background of synap-
tic firing, Hebb’s rule was experimentally confirmed over the years. In general,
high-frequency stimulation induces synaptic potentiation, whereas long lasting,
low-frequency stimulation induces synaptic depression. These changes in synaptic
strength can last for a short or longer (several minutes) period of time. In this case,
the change in firing frequency is called long-term potentiation (LTP) or long-term
depression (LTD). Very long-lasting firing patterns depend on a change in protein
synthesis. These changes in synaptic activity can be illustrated with the help of
differential equations, which shall not be discussed here [41].
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Factor Short explanation References

Time between injury and repair Balance between waiting for spontaneous recovery [33]
and worsening requirements for surgical repair

Distance between cortical areas The smaller the distance, the higher the chance of an [26]
of donor and receptor nerve increase in connectivity between areas
Rough vs. fine movement Rough movement seems to be easier to reconstruct [34]
reconstruction (3]
Lowly active interneural Lowly active interneural connections are masked and [22]
connections detectable whilst increasing their activity after failure (32]
of overlying fibers
Trauma In general, “black holes”, as results from brain trauma, [20, 21]
seem to be occupied by neighboring areas (23, 24]
Age The younger the brain, the more potential for cortical [36]
plasticity 37]
(38]
[39]
Rehabilitation Starting early preoperatively and lasting at least two [40]
years

Table 2.
Summary of factors influencing cortical plasticity after pevipheral nerve lesion, modified according to
Socolovsky et al. [26].

In the rodent barrel cortex, where sensory input of whisker movement gets
processed, information of each single whisker is transmitted to a specific neuronal
cell cluster. It has been found out that cutting every but a single one whisker induces
the building of further connections between these cell clusters in the form of LTP.
Shortly after cutting the whiskers, a few sensorial inputs lead to an increased num-
ber of N-methyl-D-aspartate (NMDA) receptors in the postsynaptic membrane,
which lead to an increase in glutamate transmission and thus to a higher informa-
tion transmission. Interestingly, after further usage of the single whisker, further
synaptic plasticity gets induced by an increased number of metabotropic glutamate
(mGlu) receptors in the postsynaptic membrane, which probably leads to a long-
lasting increase of AMPA receptor. This enables the cell of a higher calcium influx,
which forms the basic molecular background of LTPs [42, 43]. After all, LTP is
now believed to be a more complex, multicomponent process, that is not yet fully
understood.

Recent models however have revealed a variety of other forms of plasticity
in neocortex. Plasticity of intrinsic excitability, plasticity of GABAergic circuits,
homeostatic synaptic scaling and metaplasticity are the most important. As all of
these models are based on physiological neuronal tissue, lesion-induced plasticity
can possibly depend on partly different mechanisms.

Plasticity of intrinsic excitability is a neuron’ electrical excitability, which is
influenced by the number of receptors and distribution and number of ion chan-
nels that determine the electrical potential of the neuron. A little neglected earlier
in synaptic plasticity research, it nowadays seems to play an important role on the
microscopic level of cortical plasticity [44].

Plasticity of GABAergic circuits, as mentioned above, is believed to also play
an important role in synaptic plasticity in controlling a balance of excitation and
inhibition. Inhibitor cells, too, have the ability of the production of LTP and LTD.
GABAergic neurons are associated of being one of the regulatory elements in
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maintaining homeostatic plasticity. For instance, a twenty-four-hour continuous
whisker stimulation decreases cortical activity due to overstimulation, which is a
homeostatic mechanism based on the inhibitory activity of GABAergic cells [45].

Homeostatic synaptic scaling is caused by decreased neuronal firing activity,
which leads to a decreased somatic calcium concentration. This lowers the amount
of activated Calcium/calmodulin-dependent protein kinase type IV (CaMKIV),
which then activates the transcription of a “scaling factor”. After this, alpha-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor accumulation at
synapses is increased. Excitatory synaptic strength is enhanced and raises firing rates
back to the set level, which represents the “homeostatic” part of the expression [46].

Metaplasticity has been described as learning-dependent changes in synaptic
plasticity. So, to say, metaplasticity is a superior form of molecular plasticity
mechanisms, influencing the other mechanisms.

It is also important to mention that each of these plasticity mechanism models
play larger or smaller roles in different cortical areas and depend as well on devel-
opmental stages and complex, still unknown interactions.

The question of how these molecular changes exactly influence synapse-scale
structural changes and how these relate to macroscopic cortical plasticity remains
unanswered. It will be exciting to discover if those synaptic plasticity models,
probably along with other, yet unknown mechanisms, someday can be connected
to a broader principle or if there is less diverse interconnectivity then it is assumed

these days.

6. Future prospects

So far, studies on factors that influence cortical plasticity in brachial plexus
injury are scarce. Although there are multiple elegant ways of picturing structural
changes on cortex in humans, such as n'TMS or fMRI, without direct cortical stimu-
lation as it is made in animal research, imaging methods are not able to reproduce
plasticity on a more microscopic level. Macroscopic anatomy and rough functions
of fibers can be assigned properly and molecular backgrounds of synaptic plastic-
ity are understood to some extent as presented above. However, the connection
between those two levels has to be investigated by future studies.

Another major point of interest is to understand in detail why the infant neuro-
nal tissue has better capacities of reorganization than the adult as a basis of why, for
instance, obstetric brachial plexus injuries have a better rate of recovery then the
adult form. Research in this direction could someday probably benefit as a rehabili-
tative aspect in adult brachial plexus injury.

Generally, in the field of neurorehabilitation, not much literature can be found
on aspects of rTMS rehabilitation in (surgically treated) peripheral nerve lesions.
Only level A evidence was reached in the treatment of hand motor recovery in the
post-acute stage of stroke, which has been investigated in rodents, as well as human
subjects.

nTMS studies on the field of adult, as well as obstetric brachial plexus inju-
ries are rare. Structured investigation in the direction of showing motor cortex
plasticity sorted by diagnosis (upper brachial plexus injury, lower brachial plexus
injury, isolated nerve transection) and treatment (for instance, Oberlin transfer,
Leechavengvuongs transfer and so on) may help to understand cortical plasticity in
brachial plexus lesions. Comparisons of nTMS with fMR images may deliver even
more information.

In the future, these techniques could possibly hold the capacity of helping in
decision making for timing and technique of reconstructive surgery. Also, nTMS
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could prospectively be helpful in prognosing the rehabilitative capacity after a
peripheral nerve injury e.g. brachial plexus lesion. Preoperatively, it could be
possible in the future to exactly determine the former motor area of the denervated
nerve and the current motor area of the nerve donor to determine the degree of
cortical plasticity that will likely happen, and thereby the chance of regaining a
certain level of strength in the affected limb. It should also be easy to compare the
predictive power of certain questionnaires or walking tests with the predictive
power of nTMS.

All in all, n'TMS seems to be a useful tool in the research of cortical plastic-
ity after brachial plexus injury. In the best case, a study with a high number of
peripheral injury patients with a surgical treatment should be created to observe
cortical plasticity pre- and postoperatively and to detect more structural patterns to
increase the capability of nTMS of serving as a prognostic gadget.

7. Conclusions

To give insight into the impact of cortical plasticity in brachial plexus injury we
disentangled macroscopic and microscopic aspects. Data from human and animal
studies related to cortical plasticity after peripheral nerve injury, mainly after an
injury of the upper extremity, focus on timing between injury and repair. It was
show that keeping a balance between waiting for spontaneous recovery and surgi-
cal repair is essential for patient outcome. The distance between the cortical areas
of the donor and receptor nerve influences the time of recovery. The closer two
areas are located and the better they are connected, the higher is the probability for
a good outcome. A better outcome was found for rough movement in contrast to
the reconstruction of fine movements, which can depend on the larger size of fine
movement areas, like the hand, on motor cortex. Lowly active interneural connec-
tions probably play a larger role in cortical plasticity than it is currently understood.
As they are concealed by active fibers in the healthy brain, it could be a challenge to
disentangle their functions. Trauma in general is known to be a major driving force
of cortical reorganization, although underlying principles still have to be fully dis-
covered. Age strongly influences the outcome after peripheral nerve injuries. Some
investigations have been made on differences in the young and adult brain con-
cerning plasticity. Lastly, rehabilitation should already start before reconstructive
surgery and should at least last two years. These were the main factors influencing
outcome of a peripheral nerve injury concerning cortical plasticity. Some of them
can more or less be influenced by careful planning of treatment. Reconstructive
surgeons and physiotherapists should consider including this knowledge in their
treatment plan.

Future research is needed to understand mechanisms of how molecular changes
on a synaptic level of a neuron influence the macroscopic plasticity, to improve
rehabilitative resources, to understand the exact prognostic value of nTMS in
brachial plexus injury and to investigate the therapeutic capability of rTMS.
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Abstract

Brachial plexus Injury causes severe and long-term upper limb deficits at any
age. The outcome from current reconstructive options depends on the severity of
nerve injury and timing of intervention. This chapter summarises the differing
biological responses to nerve injury that occur during neonatal, young adult and
mature adult life. The central and peripheral reactions to nerve injury, the effects
of timing of repair on both motor and sensory neuronal survival and basic science
evidence to support early intervention are discussed.

Keywords: brachial plexus, nerve injury, neuronal survival

1. Introduction

Brachial plexus injuries (BPI) in both adults and children have serious and
lifelong consequences. Fixed prognostic indicators for recovery relate to age at the
time of the injury, co-morbidities and the severity and extent of the injury. Variable
prognostic indictors include strategies for surgical or medical intervention and the
timing of such interventions. Thus, knowledge of the best timing for intervention is
critically one of the only parameters we can assess, evaluate, and optimise.

All nerve injuries, regardless of age, have both central and peripheral effects,
however, these effects vary between neonates and adults. In neonates the central
effects in the spinal cord after unrepaired nerve injury are early and profound with
rapid cell loss while in adults the loss of motor and sensory neurons is a slower pro-
cess over weeks and months and often depends on the distance from the injury site
to the parent cell bodies and the type of traumatic nerve injury. Laboratory evidence
to evaluate the consequences of both nerve injury and repair has demonstrated the
importance in understanding the true extent of the injury including the effects over
time and the benefit of early nerve repair in both adult and neonatal models.

2. Neonatal brachial plexus injury
Neonatal brachial plexus injury occurs at the time of birth and affects between

0.41-1.5 per 1000 live births per year. About half of these cases have a residual
deficit at 6 months of age and a 25% of the cases at 12 months. Clinical examination
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is the current standard for assessment using either the return of elbow flexion as
described by Tassin and Gilbert (1984) or the Toronto Scoring system (2002) popu-
larised by Curtis and Clarke. Objective imaging and electrophysiological evidence
to support the clinical finding is often undertaken but controversy remains about
the role of these techniques in treatment decision making.

Operative exploration and reconstruction are the current gold standard in
injury evaluation and intraoperative frozen sections, electrophysiology and visual
nerve assessment are utilised to decide the severity of injury and the reconstructive
algorithm. Even with complex peripheral nerve reconstruction these cases have
long-term disability with ensuing social, psychological and economic sequelae.

2.1 Central effects of injury and early repair in experimental in neonatal BPI
model

Retrograde degeneration of the sensory neurons in the dorsal root ganglia
(DRG) and motor neurons in the spinal cord has been demonstrated in experimen-
tal neonatal brachial plexus injury models with activation of neuro inflammation
and reaction of glial cells. Rapid loss of motor neurons with only 9% surviving in
the anterior horn of the spinal cord at 28 days in a neonatal BPI model suggests
a truly devastating reaction to nerve injury in this immature nervous system [1].
Loss of this volume of neurons so early suggests permanent long-term effects are
predictable even with intervention. Timeline analysis of this early loss over 28 days
post injury in one day old neonatal BPI model illustrates the loss of motor neurons
apparent from day 2 after injury and continuing rapidly to fewer than 10% surviv-
ing motor neurons at 28 days from injury [1].

The methods for injury in these models have been transection and crush due
to the difficulties in producing a reliable and reproducible traction model in this
experimental population (weight at surgery 6-8 grammes). Clinical evidence would
suggest that a traction injury would be less uniform and the possibility of associ-
ated preganglionic injury including avulsion of ventral and dorsal roots and direct
spinal cord injury infers this to be an optimistic view of neuronal survival in this
age group.

Other central changes to the spinal cord architecture including increased inflam-
matory reaction, activation of astrocytes and microglial cells and loss of synaptic
boutons and dendritic branches in the anterior horn of the spinal cord.

Regarding age at the time of injury, more extensive neurological loss has been
demonstrated in a sciatic nerve injury model at the age of 3-7-day old neonates
when compared with 30-day old, matched neonates illustrating the fragility of the
immature nervous system. In contrast to adults, distal peripheral nerve injury in
neonates also results in spinal cord motor neuron loss [2, 3].

Sensory neurons are even more vulnerable to injury. Retrograde cell loss in the
DRG occurs rapidly with both proximal and distal peripheral nerve injuries in
neonatal experimental models [4-6].

Studies demonstrating this extensive cell death also suggest that plasticity in the
spinal cord may play a role with adjacent nerve root zones compensating for the
injury zone. Experiments focused on the role of C7 after unrepaired C5/C6 injury
demonstrated a four -fold increase in the C7 contribution to biceps innervation [7].

Early BPI nerve repair at 1 day following injury in newborn rodents reduces
the degree of retrograde motor neuron degradation with preservation of up to
20% of ventral horn motorneurons at 28 days This is a doubling of the number of
preserved neurons compared with those without repair. Simultaneous decrease
in activity of microglial cells and macrophages in the ventral horn supports the
influence of repair on the rate and extent of neuroinflammation [1]. This has
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important implications for neuronal regeneration and the number of axons reach-
ing distal targets for reinnervation.

2.2 Target organ changes following injury and repair in neonatal BPI model

Studies exploring the mechanism of elbow contracture in a neonatal model have
highlighted the direct effects of muscle denervation on muscle tightness and the
lack of fibrosis concluding that elongated sarcomeres secondary to denervation
is key to elbow contracture. The underlying mechanism is likely one of increased
protease activity. This mechanism of elongated denervated sarcomere length is
unique to the neonatal period.

Groups with no recovery of elbow flexion had significantly more severe elbow
contractures than those with even partial recovery of elbow bending. When consid-
ering the axonal counts, experimental evidence supports the inverse relationship
between the number of axons and the severity of the contracture with no evidence
of elbow contracture in groups that has elbow flexion motor recovery [8]. This
theory can be extended to shoulder contracture but experimental modelling and
the number of muscles around the shoulder girdle make this more challenging to
reproduce [9].

Differential effects on fast and slow muscle fibres following denervation and
reinnervation in neonatal sciatic nerve injury has also been studied by Lowrie and
Vbrova [10]. In newborns both fast and slow muscle development was impaired. In
contrast, they demonstrated that in slightly older (6 days of age) age groups per-
manent changes only occurred in fast muscle with extensive fibre loss. Slow muscle
fibres suffered temporary atrophy followed by recovery once reinnervated [10].

2.3 Pharmacological salvage

Neuronal rescue via pharmacological manipulation has been trialled in neonatal
models. P7C3, a novel class of aminopropyl carbazoles, has demonstrable influence
on neuronal survival, regenerative potential of both motor and sensory neurons
with ensuing end organ functional benefit. High dose N- acetylcysteine (750 mg/
kg twice daily) has been shown in one neonatal study to increase motor neuronal
survival in crush and transection models in this age group. There was no effect
demonstrated on sensory neurons survival in this study [11].

Previous studies have also demonstrated that neurotrophic factors can provide
neuroprotection for axotomised neonatal neurons following different types of
nerve injury [2, 3, 6].

2.4 Summary and translational value

Early and rapidly progressive proximal changes in the spinal cord and DRG,
combined with loss of the distal neurological architecture and the degenerative
changes in the sensory and motor target organs, implies that the chance for recovery
without early intervention to reinnervate the limb in global injuries seems bleak.
The value of very early repair is supported by evidence that repair promotes motor
neurons rescue in the anterior horn of the spinal cord. This, combined with the
evidence that reinnervated muscle has the potential to adjust the elongated muscle
sarcomeres associated with joint contractures in these newborn models, would
encourage further translational research of the effects after early nerve repair.

Translating this experimental work to clinical practice is challenging, not only
as current surgical decision making relies on clinical evaluation and recovery
over a period of time but also the potential for increased anaesthetic risk in the
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newborn compared to the older infant. Early objective assessments that do not rely
on prolonged observational recovery would be immensely helpful with this patient
population. Imaging such as diffusion techniques or improved MRI that would
allow earlier decision making for surgery might encourage the advent of very early
surgery with the potential for preservation of motor and sensory neurons and bet-
ter distal reinnervation of end organs. Previous experimental findings have shown
that MRI can be used for assessment of retrograde degeneration in the dorsal root
ganglia and spinal cord after peripheral nerve and spinal roots injury [12, 13].

3. Adult distal peripheral nerve injury

Peripheral nerve injuries to the upper limb in adults are common occurring in
over 3% of trauma cases. They are more common in younger age groups and males
predominate. Forearm and wrist injuries are associated with lack of full hand and
upper limb functional recovery [14]. Clinical evidence supports work disability in
cases of poor sensory and motor recovery. Proximal injury and type of work affect
the delay in return to work [15]. Hand therapy can positively influence the outcome.
Combined forearm injuries of median and ulnar nerves produce more severe
deficits and as they are usually associated with injured tendons and/ or vessel injury
that require more complex assessment, intervention, and rehabilitation. Most of
these injuries affect the median (50%) and ulnar nerves (44%) far more frequently
than the radial nerve (20%) [16]. Socioecomonic costing are considerable including
care delivery, loss of income, sick days, and long-term permanent disability. Long-
tern cost analysis suggests that up to 30% of patients with peripheral nerve injury
have permanent disability, receiving financial compensation.

Understanding the complexity of the injury and delivering the best treatment is
imperative to return to work and functional activities in this population.

Classification systems for nerve injury have been well described by Seddon and
Sunderland [17, 18]. The former by way of neurapraxia, axonotmesis and neurot-
mesis is favoured by neurophysiologist. Neurapraxia refers to a conduction block
affecting both motor and sensory nerve fibres but without Wallerian degeneration
distally so the chance of functional recovery in meaningful time is high. In contrast,
in axonotmesis the nerve axons and myelin sheath is injured by traction or crush
but the surrounding neural sheaths are preserved. Theoretically the axons should be
able to regenerate along the remaining endoneurial tubes. In neurotmesis, the axons
surrounding stroma are transected or scarred, thus, unless there is intervention to
overcome this gap the nerve will not recover independently. In a cohort of closed
crush and traction injuries the continuity of the anatomical nerve can be difficult
to confirm without surgical intervention. This suggests an overlap between these
diagnostic categories.

Sunderland’s classification system is more elaborate with 5 degrees of injury
depending on a pathological assessment of the nerve ie. requiring histological
analysis. Pathological finding ranges from myelin injury or ischaemia to axon loss
and disruption of the neural sheaths surrounding the axons, fascicles or nerves.
McKinnon modified this classification system to add a sixth degree describing a
mixed lesion with both axon loss and conduction block occurring simultaneously
within a nerve but affecting different nerve fibres [19].

Radiological assessment of nerve injury along with neurophysiological assess-
ment in these mixed closed injuries can be challenging and surgical exploration and
visualisation is often best practice.

Interventions within surgery are limited to repair, reconstruction, and
repositioning of the injured nerve. Methods of nerve coaptation are varied but
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evidence supports simple microsurgical epineural coaptation with fascicular
alignment. Historically, considerable emphasis has been placed on assessment

of motor recovery as an outcome for nerve injury, repair, and reconstruction.
Recent and historic papers have demonstrated that 90% of axons within periph-
eral nerves are afferent fibres suggesting a need to shift focus from efferent to
afferent fibres to explore potential avenues of improved outcomes in nerve injury
and repair [20].

3.1 Central effects of injury and early repair in experimental animal models

Experimental evidence has demonstrated the retrograde cell death in the dorsal
root ganglion (DRG) of small diameter afferent neurons. Laboratory evidence com-
paring cutaneous afferent, muscular afferents and motor neurons demonstrated
a greater sensitivity to injury and more profound retrograde loss in the cutaneous
afferent fibres in an adult model [21, 22]. In this experimental model up to 50%
of DRG neurons projecting to the mainly cutaneous sural nerve were lost after
8-24 weeks following distal sciatic nerve transection while counts of DRG neurons
innervating sensory targets in the gastrocnemius muscle did not demonstrate
any neuronal loss in the same timeline. Following immediate repair there was an
increased survival of up to 30% of cutaneous afferent fibres with associated promo-
tion of nerve regeneration. The significance of the distance of the injury from the
cell body in influencing the extent of retrograde cell loss is important. Distal sciatic
nerve injury yields sensory cell loss in the DRG over time but it does not result in
detectable retrograde motor neuron loss in the anterior horn of the spinal cord
in experimental mature adult animal models [22-24]. Both primary repair and
peripheral nerve grafts improved the survival of sensory DRG neurons, however
only about 50-60% of sensory and motor neurons regenerated into the distal nerve
stump [22].

3.2 Target organ changes following distal nerve injury and repair

Both prolonged axotomy and prolonged denervation affect functional long-term
recovery after delayed nerve repair. It is well known that nerve injury results in
muscle denervation and subsequent atrophy [25]. The force and speed of muscle
contraction is reduced along with a conversion to slow twitch muscle fibre type.

Degeneration of the distal nerve stump with associated Schwann cell death and
fibrosis limits the nerve regeneration and subsequent recovery. Experimental work
has shown that equal numbers of axons are present in the centre of nerve grafts
after early (before 1 months) and late (after 3 months) reconstruction [26].

However, it is the number of axons projecting into the distal stump which
decreases as time passes beyond one month after repair. Regarding the muscle
fibre recovery, slow fibres predominate after denervation in the animal model
gastrocnemius muscle after sciatic nerve injury and repair. This suggests they are
more robust, earlier to reinnervate or preferentially reinnervated. Neuromuscular
junctions are also affected by denervation. Poor reinnervation after delayed repair
(greater than 3 months from injury) is supported by the presence of increased levels
of embryonic specific gamma-nAChR and increased expression of MuSk (muscle
specific tyrosine kinase), a coordinator of neuromuscular junction differentia-
tion. These changes to the muscle fibre type and the neuromuscular junction in
the reinnervated muscle have phenotypic consequences with changes to muscle
characteristics and performance. This evidence supports the earlier repair of distal
peripheral nerve injuries with better preservation of the distal stump and potential
for end organ recovery.
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3.3 Pharmacological salvage

The sensory neuronal retrograde death in the DRG following axonal injury or
transection with effects on mitochondrial function and apoptosis following reactive
oxygen species led to the laboratory trials of antioxidants such as N-acetylcysteine
(NAC) in order to combat these changes. N acetylcysteine is a thiol containing
compound that had antioxidant properties along with inhibition of proliferation and
stimulation of transcriptase and enhancing intracelluar glutathione levels. Intrathecal
administration of NAC combined with nerve grafting in adult distal peripheral
nerve injury experimental models provides additive protective effects with increased
survival (up to 90%) of DRG sensory neurons [22]. However, NAC did not affect the
number of myelinated axons in the nerve graft or in the distal nerve stump, nor did it
have any growth promoting effect on the spinal motoneurons in this model [22].

3.4 Translational implications

Nerve injuries in the forearm and hand are relatively common. Long-term
cutaneous sensory deficit after nerve injury are often present at follow up assess-
ment but recovery is often focused on recovery of the motor deficit. Perhaps this is
due to the lack of sensory outcome assessment availability and the relative ease of
movement evaluation. However, sensory cutaneous and muscle afferents are critical
for all fluid and coordinated movements upper limb and hand movements. Loss
of cutaneous sensation leads to a “blind hand” with frequent injury and accident.
Earlier repair and agents such as NAC combined with focused specialist hand thera-
pies for sensory and motor re-education may improve these outcomes in the clinical
setting based on these experimental studies.

4. Preganglionic and postganglionic BPI in adults

Adult brachial plexus injuries occur in 1% of polytrauma cases. They are devastat-
ing life changing injuries with serious health consequences - physical, psychological,
social and economic. The most common aetiology is direct collision road traffic
accidents involving young male motorcyclists. Over 50% of these injuries result in
complete brachial plexus injuries with permanent limb paralysis and neuropathic
pain. Socioeconomic costs are high in this working population and some studies quote
up to 84% partial or permanent physical disability after motorcycle accidents [27].

In this polytrauma population injuries associated with trauma brachial plexus
include cervical spinal injuries, lung perforation, rib fractures, head and trunk
injuries and injuries to the vasculature and bony skeleton of the upper limb and
scapulothoracic association. These nerve injuries are often predominantly avulsion
injuries from the spinal cord, but there remains a cohort of extraforaminal traction
-rupture injuries that merit evaluation for regenerative and reconstructive potential.

Assessment of nerve injury with radiological imaging and electrophysiologi-
cal investigation can be useful in identifying associated injuries that will affect
prognosis, for example vascular injury or severe scapulothoracic dissociation.
Improvement in MRI imaging including the advent of Diffusion Tensor Imaging
to assess continuity between the spinal nerve rootlets and the spinal cord and
DRG is promising. DTI also has the potential to assess nerve function and health
which may provide information on the severity of nerve injury, the extent of
regeneration and the recovery before the nerve reaches the sensory or motor end
organ [28, 29]. Newer MRI techniques along with 3 T as opposed to 1.5 T scanning
yields clearer and more defined images of the cord- rootlet junction. However
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even with these advanced imaging systems there are still gaps in the information
acquired. Acquisition of good quality T1 images remains challenging and overall
sensitivity and specificity of MRI is not 100% leaving doubt about abandoning
nerve exploration when there is even the slightest possibility of nerve continuity
available for reconstruction [30-34].

Clinical studies assessing the effect of presurgical delay on the outcome in upper
trunk brachial plexus reconstruction in adults support a better functional outcome
in cases treated within 2 months of injury. In those cases, treated later than 2 months
from injury there was no significant difference in the pre and postoperative elbow
flexion grade using the Medical Research Council Motor Grading System [35]. This
supports relatively early surgery for brachial plexus reconstruction in adults.

4.1 Central effects of pre- and postganglionic plexus injury and repair

It has been demonstrated that pre- and postganglionic experimental BPI injuries
in adult animals can induce significant degeneration among sensory neurons in the
DRGs and motor neurons in the spinal cord [36-38].

Experimental work evaluating the neuroprotective and growth-promoting
effects of early and delayed nerve grafting if the 7th cervical root has demonstrated
a difference in early (4 weeks) and late (8 weeks) repair groups. In the timeline of
cell loss assessment at 4 week did not demonstrate obvious sensory or motor cell loss
but at 8 and 16 weeks both motor and sensory cell loss was apparent. In the anterior
horn the motor loss increased from 15-29% between 8 and 16 weeks and in the DRG
the sensory neuron loss increased from 32-50%. Both early repair and delayed repair
were effective in preventing retrograde degeneration of motoneurons but of course
the repairs at 8 weeks have far fewer neurons remaining in any case [37]. Neither
early nor late repair were able to rescue sensory neurons but again the population
was higher in the early repair group. In both groups the proportion of regenerating
neurons remained constant. Thus, although delayed nerve repair is neuroprotective
it will only protect those remaining neurons. This evidence supports the proposal
that early nerve repair is optimal to promote best motor and sensory recovery and
even this is at considerable loss of both motor and sensory neurons. Avulsion of
the ventral root in the adult lumbar cord yields 40-80% neuronal cell death at
2-4 weeks from injury [39-41]. This, combined with the technical difficulties of any
type of root reimplantation due to the disruption to normal architecture, have forced
the field of reconstruction surgery after avulsion injury nearer the end organ in
nerve transfers from adjacent functioning motor or sensory nerves.

Experimental evaluation of primary and secondary changes visible on MRI
imaging of the spinal ventral root after transection and avulsion of a lumbar plexus
model has also been completed [12]. MRI and histological analysis of the ventral
horn demonstrated differences in the volume of the ventral horn on MRI with
avulsion injury which is not apparent with transection injury. Histological analysis
of these imaged ventral horns revealed severe loss of neurons, dendrites, axons,
and synapses with increases in microglial cells and astrocytes. It is suggested that
the loss of neuronal cells may contribute to the change in MRI signal leading to the
changes in the images acquired.

4.2 Pharmacological intervention and salvage
Experimental evidence exists that supports that the use of NAC can prevent
active death after proximal sensory nerve injury [42]. Suggested pathways include

mitochondrial pathway blockade to inhibit caspase cascade. In ventral horn motor
neurons NAC is also protective (>90%) with dose dependent effects. In avulsion

121



Brachial Plexus Injury - New Techniques and Ideas

injuries the response to NAC was diluted to 70% suggesting the immediate necro-
sis of neuronal cells at the time of injury to be a significant factor in cell loss.
Regarding delivery methods intrathecal was more effective than intraperitoneal but
the later is more practical and clinically relevant suggesting systemic therapy would
be effective. Such therapies are already used for acetaminophen overdose and toxic-
ity [43]. Timing of intervention is important considering the very early and rapid
loss of both sensory and slightly less rapid loss of motor neurons with proximal
transection or avulsion injuries. In addition, earlier studies also demonstrated the
efficacy of prolonged intrathecal treatment with various neurotrophic factors to
prevent retrograde cells death in both the DRGs and spinal cord [40, 44]. However,
significant side effect on the rate of axon regeneration and normal synaptic compo-
sition could significantly limit their potential clinical application [41, 45].

5. Summary

Central and peripheral effects of nerve injuries in neonates, young adults and
mature adults have been studied experimentally. Loss of neurons is seen in all age
groups, but early rapid loss is particularly apparent in neonates and in sensory neu-
rons in all age groups. Early repair has neuroprotective properties, but cell loss is still
significant even with almost immediate intervention. These experimental studies
support nerve repair as soon as is safely possible given the other associated injuries in
both adult and neonatal populations. Proximal nerve injuries such as brachial plexus
injuries are particularly damaging to the motor and sensory nerve pool. Avulsion
injuries in adults have similar devastating levels of neuronal cell loss when compared
with neonatal transection injuries. However, early repair is technically very chal-
lenging is avulsion injuries due to the associated necrosis of the supporting ventral
horn cell architecture. Pharmacological antioxidant therapies have been neuropro-
tective in adult studies and may be particularly relevant to sensory neuronal support.
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Chapter 9

A Funhouse Mirror: Muscular
Co-Contractions as a Reflection
of a Spontaneous Aberrant
Regeneration of the Brachial
Plexus Injury in the Adults -
Anatomical Background, an
Attempt to Classify and Their
Clinical Relevance within the
Reconstruction Strategies

Alexander A. Gatskiy and Ihor B. Tretyak

Abstract

A certain number of spontaneously recovering birth injuries to the brachial
(BPI) plexus are known to be accompanied by muscle co-contractions (Co-Cs).
The process of aberrant spontaneous regeneration contributes to the appearance of
this phenomenon. Treatment strategies are mostly narrowed down to temporarily
“switching off” the antagonist, allowing the agonist to perform. Less is known about
the incidence of BPI-associated Co-Cs in adults (a-BPI), the control of which mainly
presumes the extrapolation of a treatment strategy that has been shown to be effec-
tive in infants. Nowadays, surgical reconstruction of independent elbow flexion at
BPIs relies heavily on redirection (transfer) of nerves that produce their own Co-Cs.
These induced Co-Cs could potentially be reduced. Selecting the appropriate nerve
transfer strategy (when the donor pool is narrowing), with its potential impact on
the already complex and intricate global and segmental biomechanics of the upper
extremity, becomes challenging. The chapter presents the anatomical background for
the occurrence of muscular Co-Cs, a work on clinical classification of both regenera-
tion associated and induced Co-Cs, possible surgical strategies, their benefits and
limitations, in the presence of regeneration-associated muscle Co-Cs at a-BPI and
clinical examples.

Keywords: adult brachial plexus injury, nerve transfer, medial pectoral nerve,
oberlin transfer, musculocutaneous nerve, co-contraction
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1. Introduction

Brachial plexus injury (BPI) in adults (a-BPI) remains one of the leading causes
of permanent and severe disability among all injuries in the peripheral nervous
system [1]. The evolution of treatment options from neurolysis through nerve graft-
ing to nerve transfers has led to dramatic improvements in functional outcomes [2].
The timing of the surgical reconstruction has always been strongly dependent on the
process of spontaneous regeneration [3]. As the time allotted for spontaneous regen-
eration passes and no clear clinical and electrophysiological signs of regeneration are
seen, the majority of surgeons advocate for active surgical reconstruction [4].

The dynamics of spontaneous regeneration are well described in newborns with
obstetric BPI [4, 5]. It is often accompanied by co-contractions (Co-C) of de novo rein-
nervated muscles [6], which respond well to injections of botulinum toxin A [7]. Less
information can be found concerning the management of the Co-C in cases of a-BPI [8].

A rational explanation of the origin of the Co-Cs could be a change in the pre-
dominance of root representation within the muscles of the upper extremity in the
case of BPI (Figure 1). This predominance is present both under normal conditions
(known as “luxury innervation” [9]) and becomes more evident under the described
[10, 11] pathological conditions (known as injury/regeneration associated “simple
and complex misdirection”). For instance, at nonfunctioning C5-C6 rootlets greater
pectoral, triceps brachii, latissimus dorsi muscles, etc. receive motor fascicles from
C7-8-Thl, thus, have or receive closely adjoined motor cortex representation. The
activation of the closely adjoined motor cortex during voluntary contraction could
possibly lead to their co-activation Co-C. The clinically apparent expression of Co-C
most probably depends on how close the cortical centers are situated. Functional
MRI (cortical mapping) findings partially explain this process [12].

C7 C8 C7 C8

' ECRL ECRB
' EDC EDP
ECU
Teres major APL EPB
Serratus anterior EPL
Biceps FCU
Brachialis I T
l FCR
Triceps PL
LD
I-II-IV  FDS 11X
Pectoralis Maj (clavicular)
FPL

Pectoralis Maj (sternal) .
FDP

Figure 1.

Normal representation of the voots’ of the brachial plexus within the muscles of the upper extremity (a similar
color represents the same innervation pattern or representation of roots in the muscles and is most likely
responsible for the occurvence of co-contraction(s)). SS—suprascapular muscle; IS—infrascapular muscle;
BR—brachioradialis; LD—latissimus dorsi muscle; Supp A—supinator antebrachii muscle; ECRL—extensor
carpi vadialis longus; ECRB—extensor carpi radialis brevis; EDC—extensor digitorum communis; EDP—
extensor indicis and digiti minimi; ECU—extensor carpi ulnaris; APL—abductor pollicis brevis; EPB—
extensor pollicis brevis; EPL—extensor pollicis longus; FCU—flexor carpi ulnaris; PT—pronator teves muscle;
FDS—flexor digitorum superficilalis; FPL—flexor pollicis longus; FDP—flexor digitorum profundus.
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2. From clinical observations to systematic approach to classification:
what we know exactly

To date, there is no classification of muscular Co-Cs of the upper extremity associ-
ated with “aberrant spontaneous” BPI recovery. Later descriptions of this pathologic
motor phenomenon are narrowed to so-called “triceps syndrome” [13], which includes
co-activation of both biceps and triceps brachii muscles “antagonistic” Co-C (Table1).
However, other types of co-activation have not received much attention, regardless of
the fact that they potentially could severely entangle the biomechanics of the proximal
and distal segments of the upper extremity. The clinically observed “proximal-proximal”
Co-C (Table 1) related to “triceps syndrome” includes also simultaneous activation
of the triceps brachii and greater pectoral muscle “non-antagonistic” (Table 1). Even
less is known about the distal projection of “triceps syndrome” on the functions of the
wrist and fingers. The clinical observations that have already been made have not yet
been reflected in any type of scientific literature. Still, elbow, wrist, and finger exten-
sion, or “proximal-distal” Co-C (Table 1) is not uncommon. Technically, this type of
co-activation is not a pure Co-C, hence the wrist and finger extension does not occur
simultaneously, but rather sequentially in relation to the contraction of the triceps
brachii muscle. Yet it is still present within the clinical picture of “triceps syndrome”
and dramatically entangles wrist/hand function and stability.

Currently, injuries to BPI are mainly treated with nerve transfers (NT) [14].

The pool of traditional extra- and intraplexal donor nerves could be narrowed due
to cranially (involvement of C4) and/or caudally expanded (involvement of C7-8)
BPI, respectively. In most cases, it consists of Oberlin [15], double-fascicular [16],
and medial pectoral [12] NTs.

It is well known that any type of NT, especially when a donor-nerve provides
motor fascicles to more than a single muscle, could potentially produce co-activation
(“induced” Co-C Table 1) of other muscles related to the donor’s nerve during the
early stages of clinically visible regeneration [17]. Reduction of this type of co-activa-
tion is achieved through active rehabilitation programs [17]. Most of the programs are
aimed at dissociating the voluntary activation of the newly obtained function from
the entire area of the cortical representation of the donor nerve [17]. The widespread
adoption of NTs among the surgical society quickly isolated a pool of unwanted NTs.
These NTs were able to produce induced Co-C [18] and were mostly related to the

Aberrant spontaneous Induced

Proximal-Proximal  Example: BB-TB-Pct Proximal-Proximal  Example (nerves): Pct-BB (PM-MCN)

Proximal-Distal Example: TB-ECRB/L.  Proximal-Distal Example (nerves): FCU/FDP4-5-BB
(UN-MCN)

Distal-Distal Example: WE-FE Distal-Distal Example (Nerves): FCR-EDC
(MN-PIN)

Antagonistic Example: BB-TB Extraplexal Example (nerves): Diaphr.-BB
(PhN-MCN)

Non-antagonistic Example: TB-Pet Intraplexal Example (nerves): any known

Only intraplexal Example: any known Antagonism** Example“:?

BB—biceps brachii muscle; Pct—greater pectoral muscle; TB—triceps brachii muscle; ECRB/L—extensor carpi
radialis brevis et longus; WE—wrist extensors; FE—finger extensors; FCU—flexor carpi ulnaris; FPD4—-5—deep
flexors of 4-5 fingers; EDC—extensor digitorum communis; Diaphr.—diaphragm; PM—pectoral nerves; MCN—
musculocutaneous nerve; UN—ulnar nerve; MN—median nerve; PIN—posterior interosseous nerve.

*Sequential Co-C (see description in the text)

**Unknown.

Table 1.
Work classification of known Co-Cs.
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forearm (“distal-distal” Co-C Table 1). In most cases, attempts to dissociate them were
unsuccessful and severely confounded the hand-wrist biomechanics [18].

Reconstructions strategies in BPI are prioritizing the reanimation of the elbow
flexion [3, 19]. Active surgical reconstruction, with both tendon and NTs, provides
active elbow flexion in either earlier or later terms [8]. The general principles of
NTs are well known [20]. Reconstruction strategies of BPI are strongly dependent
on the selection of an appropriate donor nerve, considering the possible functional
advantages and disadvantages of each.

Hence, the evaluation of the efficacy of any type of NT is generally narrowed to
the identification of either a muscular power (MRC) or a change in a joint angle pro-
duced by the recovered muscle, Oberlin or double-fascicular NT have become most
popular and have established themselves as a “golden standard” [2]. The induced
“proximal-distal” (Table 1) Co-C, which follows the abovementioned procedures, is
one of those that are easily nullified even without any extensive reeducation [17].

On the other hand, the influence of a nerve transfer on the intimate biomechanical
correlation between the upper arm and hand movements is underestimated in most
cases. Only a few publications have attempted to characterize and define the real
meaning of this coordination and the influence of induced proximal-distal co-activa-
tion on the affected limb on a global scale [17]. Escudero et al. [17] discovered that at
least 39% of patients who received Oberlin transfer were unable to dissociate elbow
flexion from wrist/finger flexion. From a biomechanical point of view, this meant
that it deeply “confounded” the function of the hand during daily activities [17].

The interaction between aberrant and induced Co-C in the case of BPI, its
influence on the global biomechanics of the upper extremity has not received any
reflection in the scientific literature at all. This is most likely due to its extremely
rare occurrence among all cases of a BPI. Moreover, since the use of reconstructive
strategies presumes the return of lost functions and the preservation (or at least
not the loss of the majority) of the preserved ones, the following clinical examples
could potentially be of great interest.

3. Clinical examples
3.1 Clinical example 1

A 26-year-old man was admitted to our department 2 mos. after a traction-
type injury to his right brachial plexus in a motorcycle accident; neurological
examination revealed complete injury to the right brachial plexus. A C5-6-7-8
avulsion with no cranial expansion and preserved function to n.phrenicus (C4) was
confirmed during the explorative surgery. None of the intra-plexal motor donor
nerves were available for transfer at the time of surgery. In order to reanimate active
elbow flexion, NT of n.phrenicus to the musculocutaneous nerve (distally to the
branches of the coracobrachialis muscle) through approx. 12 cm sural nerve graft
was performed. Another NT of the accessory to the suprascapular nerve [21] was
performed to reanimate abduction and external rotation of the shoulder.

Physiotherapy was resumed 6 weeks later. 13 mos. after surgery, shoulder
abduction (frontal plane) and external rotation were 80° and 40°, respectively. BB
recovered to M4 and elbow flexion was near 90°, was associated with breathing
“breathing hand” induced Co-C. Voluntary elbow flexion appeared on the 16th mo.
and could be controlled consciously. 19 mos. after the surgery, we observed the
recovery to the function of the greater pectoral muscle (M4), which was associated
with ineffective (less than M2) function to FDPs - aberrant spontaneous proximal-
distal Co-C (Pct-FF) (Figure2). A T-shaped wrist plate and trapeziometacarpal
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|

Figure 2.

“Breathing hand” andcorrelation between greater pectoral muscle function and finger flexion (late proximal-
distal Co-C). EF—elbow flexion; Pct—greater pectoral muscle, FE—finger flexion; N—neutral position;
R—vest; C—maximal contraction; max—maximal finger flexion/transverse volar grip.

ECU
APL EPB
EPL
FCU
Brachialis E T
c FCR
Triceps PL

LD
H-1E-1V  FDS 111

Pectoralis Maj (clavicular) FPL

—
Pectoralis Maj (sternal) .
FDP

Figure 3.

Schematic explanation of the occurrence of late proximal-distal Co-C (Pct-FF) associated with aberrant
spontaneous regenevation of initially complete a-BPI (a similar color vepresents the same innervation pattern
or representation of voots within muscles and is most likely responsible for the emergence of co-contraction,).
SS—suprascapular muscle; IS—infrascapular muscle; BR—brachiovadialis; LD—latissimus dorsi muscle;
Supp A—supinator antebrachii muscle; ECRL—extensor carpi radialis longus; ECRB—extensor carpi vadialis
brevis; EDC—extensor digitorum communis; EDP—extensor indicis and digiti minimi; ECU—extensor carpi
ulnaris; APL—abductor pollicis brevis; EPB—extensor pollicis brevis; EPL—extensor pollicis longus; FCU—
flexor carpi ulnaris; PT—pronator teves muscle; FDS—flexor digitorum superficilalis; FPL—flexor pollicis
longus; FDP—flexor digitorum profundus.

arthrodesis were performed to ensure the stability of the hand, and active rehabili-
tation started 4 weeks after the surgery. The patient was instructed to navigate the
finger flexion by actively contracting the greater pectoral muscle with maximum
effort. 24 mos. after the initial surgery, the FDP power increased to M3-4, allowing
the patient to perform an effective transverse volar grip.

Rational explanation: It is not uncommon for some muscle groups to regenerate
to a certain degree in many later terms after complete injury to the brachial plexus.
Most often, regeneration in the case of complete a-BPI occurs in a greater pectoral
muscle. Acting as an internal rotator of the shoulder, its function disables “sagit-
talization” of the upper arm and forearm during the basic activities of daily living
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(ADLs), especially when external rotators are non-functional or regenerated to
amuch lesser extent in terms of power. The shortening of the muscle and tendon
structures surrounding the glenohumeral joint confirms this functional misposi-
tion. Only a small number of complete a-BPIs show muscle regeneration on any
surface of the forearm, even rarely to hand intrinsics. It is a common occurrence,
and this clinical example confirms that late spontaneous regeneration of both
the greater pectoral and forearm muscles is accompanied by their co-activation.
Technically, this type of co-activation does comply with the previously classified
subtypes (Table 1) and comprises the characteristics of “proximal-distal non-
antagonistic Co-C”. The explanation for the occurrence of this late Co-C lies most
probably within the innervation pattern of the aforementioned muscles (Figure 3).
Conclusion: The recovered function of the greater pectoral muscle serves as an
indicator of a likelihood of recovery of other distal muscles (forearm) of the upper
extremity, playing a leading role in a co-activation pair in this particular case the
greater pectoral muscle helped to navigate the contraction of the FDPs, providing
not only clinically visible feedback but also an EMG-assisted video-feedback during
active rehabilitation.

3.2 Clinical example 2

A 28-year-old man was admitted to our department 3 mos. after a traction-type
injury to the left brachial plexus in a motorcycle accident; neurological examina-
tion revealed the complete injury to the left brachial plexus. A C5-6 avulsion with
no cranial expansion and preserved function to n.phrenicus (C4) was confirmed
during the explorative surgery. None of the intraplexal motor donor nerves were
available for transfer at the time of surgery. In order to reanimate active elbow
flexion, NT of n.phrenicus was transferred to the musculocutaneous nerve (distally
to the branches of the coracobrachialis muscle) through a sural nerve graft approxi-
mately 12 cm long. Two other NTs were performed to reanimate flexion, abduction,
and external rotation of the shoulder: pars sternocleidomastoideus of the accessory
nerve to the axillary nerve through approx. 14 cm sural nerve graft and suprascapu-
lar nerve [21] NT, respectively.

Physiotherapy was resumed 6 weeks later. 17 mos. after surgery, shoulder
abduction (frontal plane) was 90°. BB recovered to M4, and elbow flexion was near
110°, was associated with breathing—the “breathing hand” induced Co-C. Voluntary
elbow flexion could be controlled consciously 24 mos. after surgery, we observed
the recovery of function of the greater pectoral muscle (M4), which was associated
with the effective (M4) function of ECRB—aberrant spontaneous proximal-distal
Co-C (Pct-WE) (Figure 4). A T-shaped wrist plate and a trapeziometacarpal
arthrodesis were performed to ensure wrist stability, followed by a rigid cast

Figure 4.

“Breathing hand”, shoulder abduction and correlation between greater pectoral muscle function and wrist
extension (late proximal-distal* Co-C before wrist arthvodesis). EF—elbow flexion; ABD—shoulder
abduction; Pct—greater pectoval muscle, WE—uwrist extension; R—vest; C—maximal contraction; max—
maximal wrist extension mediated by ECRB.
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immobilization for the next 2 mos. Recovered function to ECRB associated with
late aberrant spontaneous proximal-distal Co-C (Pct-WE) will be used for a tendon
transfer to restore FDP/FPL function at a later date.

Rational explanation: It is not uncommon for some muscle groups to regener-
ate to a certain degree at a later date after complete injury to the brachial plexus.
Most often, regeneration at complete a-BPI occurs in the greater pectoral muscle.
Acting as an internal rotator of the shoulder, its function disables “sagittaliza-
tion” of the upper arm and forearm during basic activities of daily living (ADLs),
especially when external rotators are non-functional or are regenerated to a
much lesser extent in terms of power. The shortening of the muscle and tendon
structures surrounding the glenohumeral joint confirms this functional mis-
position. Only a small number of complete a-BPIs show muscle regeneration of
either surface of the forearm, even rarely to hand intrinsics. This is a common
occurrence, and this clinical example confirms that late spontaneous regenera-
tion of both the greater pectoral and forearm muscles is accompanied by their
co-activation. Technically, this type of co-activation does comply with previously
classified subtypes (Table 1) and comprises the characteristics of “proximal-distal
non-antagonistic Co-C”. The explanation for the occurrence of this late Co-C lies
most probably within the innervation pattern of the aforementioned muscles
(Figure 5).

Conclusion: The recovered function of the greater pectoral muscle serves as an
indicator of the likelihood of recovery of other distal muscles (forearm) of the
upper extremity, which plays a leading role in co-activation pair; in this particular
case, the greater pectoral muscle helped to navigate the contraction of ECRB and
ECRL, providing not only clinically visible feedback, but also an EMG-assisted
video-feedback during active rehabilitation. The increased power to ECRL/ECRB
was only possible due to the helping assistance of the much earlier regenerated
greater pectoral muscle.
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Figure 5.

chemutic explanation of the occurrence of late proximal-distal Co-C (Pct-WE) associated with aberrant
spontaneous regeneration of initially complete a-BPI (a similar color represents the same innervation pattern
or root representation within the muscles and is most likely responsible for the emergence of co-contraction).
SS—suprascapular muscle; IS—infrascapular muscle; BR—brachioradialis; LD—latissimus dovsi muscle;
Supp A—supinator antebrachii muscle; ECRL—extensor carpi vadialis longus; ECRB—Extensor carpi radialis
brevis; EDC—Extensor digitorum communis; EDP—Extensor indicis and digiti minimi; ECU—Extensor
carpi ulnaris; APL—Abductor pollicis brevis; EPB—Extensor pollicis brevis; EPL—extensor pollicis longus;
FCU—flexor carpi ulnaris; PT—pronator teres muscle; FDS—flexor digitorum superficilalis; FPL—flexor
pollicis longus; FDP—flexor digitorum profundus.
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3.3 Clinical example 3

A 33-year-old man was admitted to our department 5 mos. after a traction-type
injury to the left brachial plexus in a motorcycle accident; neurological examination
revealed non-functioning supraspinatus and infraspinatus, teres major and minor,
deltoid and serratus anterior, biceps brachii (BB), coracobrachialis and brachialis
muscles (0 points on the MRC scale—MO0); latissimus dorsi muscle—M3; greater
pectoral (Pct), all heads of triceps brachii (TB) muscles—M4; wrist (WE) and
finger (FE) extensors—M4; wrist and finger flexors, intrinsics of the hand—MS5.
Clinically visible aberrant spontaneous proximal-proximal non-antagonistic Co-C
(Pct-TB) and aberrant spontaneous proximal-distal Co-C (TB-WE + FE) were pres-
ent. The projection of the innervation pattern to the muscles responsible for the
occurrence of Co-C is shown in Figure 6.

The patient was diagnosed with cranially expanded C5-6 BPI, C4-5-6 avulsion
was confirmed during the explorative surgery. The pool of available intraplexal
motor donor nerves is shown in Figure 6.

In order to reanimate active elbow flexion, NT of ulnar nerve fascicles (m.flexor
carpi ulnaris) to the musculocutaneous nerve (branches to biceps brachii muscle)
or Oberlin 1 transfer was performed. Two other NTs were performed to reanimate
flexion, abduction, and external rotation of the shoulder: Somsak [22, 23] and
Bahm [21] NT, respectively.

Physiotherapy was resumed 6 weeks later. 15 mos. after surgery, shoulder
flexion (sagittal plane), shoulder abduction (frontal plane), and external rota-
tion were within normal ROM values. BB recovered to M4 and elbow flexion was
near 90°, was independent. Hand function was severely impaired by the induced
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Figure 6.

The pool of available intraplexal motor donor nerves in clinical example 3. Donor(s) are outlined in green;
recipient (s) for the corresponding donornerves are outlined inorange: 1—ulnar nerve fascicles to m. flexor carpi
ulnaris; 2—1 + proximal median nerve branch to m. pronator teres (double fascicular NT); 3 and 4—lateral
and medial pectoral nerves respectively; 5—both lateral and medial pectoral nerves. *- injured roots are
represented in black and gray; **—non-injured roots are represented in color; ***—similar color (thus, roots
representation) represents same innervation-pattern of the muscles and is responsible, with great probability,
for emergence of co-contraction; SS—suprascapular muscle; IS—infrascapular muscle; BR—brachiovadialis;
LD—latissimus dorsi muscle; Supp A—supinator antebrachii muscle; ECRL—extensor carpi radialis longus;
ECRB—extensor carpi radialis brevis; EDC—extensor digitorum communis; EDP—extensor indicis and
digiti minimi; ECU—extensor carpi ulnaris; APL—abductor pollicis brevis; EPB—extensor pollicis brevis;
EPL—extensor pollicis longus; FCU—flexor carpi ulnaris; PT—pronator teves muscle; FDS—flexor digitorum
superficilalis; FPL—flexor pollicis longus; FDP—flexor digitorum profundus.
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proximal-distal Co-C (FCU/FDP4-5 + FCR-BB) while pulling an object. Aberrant
spontaneous sequential proximal-distal Co-C (TB-WE + FE) caused extension of the
wrist and fingers while reaching the object (Figure 7). Wrist stability and the “open-
ing/closing” of the hand were completely lost, the hand became non-functional.
Pathology of biomechanics (Figure 8): a “proximal co-contraction pool”—A (Pct
and TB) becomes a kind of a ‘trigger’ for a “distal co-contraction pool”—C (FE and
WE), which means that only sequential (in relation to elbow extension maneuver)
wrist extension and hand opening is possible—a new “proximal-distal co-contraction
pool”—B is formed. The “proximal co-contraction pool” dominates the “distal
co-contraction pool” in a direct manner (proximal muscles act first). This type of

Figure7.

Cagrrelation between BB function and wrist/finger biomechanics (proximal-distal* Co-C during active elbow
flexion). ShF—shoulder flexion; ABD—shoulder abduction; IR—shoulder internal rotation; ER—external
rotation; EF—elbow flexion; WE—uwrist extension; FE—finger extension; N—neutral position; * Induced or
regeneration associated proximal-distal Co-C.

EXT

Figure 8.

Function of proximal and distal segments of the upper extremity in case of BPI with Co-C following Oberlin
or double-fascicular NT (hypothesis). EXT—elbow extension, reaching an object; FLX—elbow flexion, pulling
an object; TB—triceps brachii muscle; Pct—greater pectoral muscle; BB—biceps brachii muscle; FE—finger
extensors; WE—uwrist extensors; FE—finger flexors; WF—uwrist flexors; A—aberrant spontaneous non-
antagonistic proximal-proximal Co-C; B—aberrant spontaneous proximal-distal sequential Co-C (arrow
indicates the direction of action of primary Co-C initiator); C—aberrant spontaneous distal-distal sequential
Co-C; D—induced proximal-distal Co-C (arrow indicates the direction of action of primary Co-C initiator);
E—elbow; blue—primary co-contractors; green—independent movement; both colors—partially independent.
*—Aggravation of wrist flexion; **—aggravation of finger flexion.
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co-activation does not disturb the global function in relation to the direction of the
entire action of the upper limb reaching an object. Surgical reconstruction of active
elbow flexion through Oberlin 1 nerve transfer leads to the emergence of a new form of
a “proximal-distal co-contraction pool”—D (FF and BB). Hence, the activation of BB
depends on activation of FF (serve as a ‘trigger’), the newly emerged co-contraction
pool becomes more of a distal-proximal type, where FFs dominate in reverse order
(distal muscles act first). This type of co-activation does not disturb the global func-
tion in relation to the direction of the entire action of the upper limb pulling an object.
Asaresult, the proximal muscles (above the elbow joint), primary antagonists, BB,
and TB can act independently. At the same time, the distal muscles (below the elbow
joint), primary antagonists, WE/WF and FE/FF are unable to act independently
during basic activities of daily living (ADLs). For instance, reaching the face, mouth,
contralateral axillary groove while holding an object (cup, toothbrush, deodorant)
requires elbow flexion and at least wrist stability or slight extension. Knowing that the
initiator of wrist extension (WE) acts in the opposite direction (TB), their primary
function to stabilize the wrist joint is lost, which leads to hyperfunction of FF and WF
as initiators of elbow flexion, and finally, to the wrist and finger hyperflexion.

Short rational explanation: Pulling an object when the elbow flexion is done
activates the cortical centers of the finger and wrist flexors (Oberlin effect or phe-
nomenon) which leads to wrist and finger hyperflexion. The inability to use the wrist
extensors as a compensatory mechanism is related to their activation only when the
extremity moves in the opposite direction, the elbow extends when reaching an object.

Conclusion: Induced and spontaneous proximal-distal and distal-proximal Co-C are
confronting each other, this confrontation disables hand opening/closing during princi-
pal basic ADLs. We do not recommend utilizing the Oberlin 1 transfer in similar cases.

This clinical example reflects the pro and contra arguments of using available
fascicles of the ulnar nerve as a donor in case of a-BPI accompanied by aberrant
spontaneous proximal-distal Co-C (Table 2).

PRO CONTRA

Oberlin NT could Basically, patients without aberrant spontaneous Co-C compensate for the
potentially lead to BB inability to dissociate movements in the proximal and distal segments (the
recovery with power Oberlin phenomenon or effect [8] in almost one-third of cases [6]) with an
exceeding M4 and, without independent function of wrist extensors, which provides stability and helps
confronting function of to avoid hyperflexion in the wrist joint when reaching (elbow extension)
TB, could possibly produce and pulling (elbow flexion) an object. The main contra argument against
higher degree of elbow Oberlin is the occurrence of induced proximal-distal Co-C (BB and WF/FF)
flexion. that severely aggravates on the basis of complete loss of independent wrist

extension due to aberrant spontaneous proximal-distal Co-C (TB and WE/FE).

Table 2.
Pro and contra arguments of utilizing the ulnar nerve fascicles in case of a-BPI accompanied by abervant
spontaneous proximal-distal Co-C.

3.4 Clinical example 4

A 37-year-old man was admitted to our department 7 mos. after traction-type injury
to left brachial plexus in a motorcycle accident; neurological examination revealed non-
functioning supraspinatus and infraspinatus muscles, teres major and minor, deltoid
and serratus anterior, biceps brachii (BB), coracobrachialis and brachialis muscles (0
points on the MRC scale—MO0); latissimus dorsi muscle—M3; greater pectoral (Pct), all
heads of triceps brachii (TB) muscles—M4; wrist (WE) and finger (FE) extensors—
M4; wrist and finger flexors, intrinsics of the hand—MS. Clinically visible aberrant
spontaneous proximal-proximal non-antagonistic Co-C (Pct-TB) and aberrant spontaneous
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Pool of available intraplexal motor donor nerves in clinical example 4. Donor(s) are outlined in green;
recipient (s) for the corresponding donor nerves are outlined in orange): 1—ulnar nerve fascicles to m. flexor
carpi ulnaris; 2—1 + proximal median nerve branch to m. pronator teres (double fascicular NT); 3 and

4—Ilateral and medial pectoral nerves, vespectively; 5—both lateral and medial pectoral nerves. *—Injured

roots are shown in black and gray; **—intact voots are represented in color; ***—a similar color (thus, the

representation of roots) represents same innervationpattern of muscles and is most likely responsible for
theemergence of co-contraction; SS—suprascapular muscle; IS—infrascapular muscle; BR—brachiovadialis;
LD—latissimus dorsi muscle; Supp A—supinator antebrachii muscle; ECRL—extensor carpi radialis longus;
ECRB—extensor carpi radialis brevis; EDC—extensor digitorum communis; EDP—extensor indicis and
digiti minimi; ECU—extensor carpi ulnaris; APL—abductor pollicis brevis; EPB—extensor pollicis brevis;
EPL—extensor pollicis longus; FCU—flexor carpi ulnaris; PT—pronator teves muscle; FDS—flexor digitorum
superficilalis; FPL—flexor pollicis longus; FDP—flexor digitorum profundus.

proximal-distal Co-C (TB-WE + FE) were present. The projection of the innervation
pattern of the muscles responsible for the occurrence of Co-C is shown in Figure 9.

The patient was diagnosed with cranially expanded C5-6 BPI, C4-5-6 avulsion
was confirmed during the explorative surgery. The pool of available intraplexal
motor donor nerves is shown in Figure 9.

In order to reanimate active elbow flexion, there was performed an NT of medial
pectoral to musculocutaneous nerve distally to the branches of the coracobrachialis
muscle. Two other NTs were performed to reanimate flexion, abduction, and
external rotation of the shoulder: Somsak [22, 23] and Bahm [21] NT, respectively.

Physiotherapy was resumed 6 weeks later. 14 mos. after the surgery, abduction
of the shoulder in the frontal plane was 75°, external rotation was 20°. BB recovered
to M3 and elbow flexion was near 40°. Elbow flexion was severely burdened by the
conversion from aberrant spontaneous proximal-proximal non-antagonistic Co-C
(Pct-TB) to induced proximal-proximal antagonistic Co-C (BB-TB). The clinical
picture was dominated by “triceps syndrome”.

The injection of botulinum toxin A at the appropriate dose into the long head
of the TB was performed. Significant weakening of the long head of the TB was
observed 3 mos. after injection. Physiotherapy proceeded and 19 mos. after surgery,
the power of BB increased to M4, elbow flexion increased to 90° and BB became
partially independent (Figure 10). Aberrant spontaneous proximal-distal Co-C
(TB-WE + FE) remained disturbing and complicated the utilization of the non-
dominant upper extremity during daily occupations.

Pathology of biomechanics (Figure 11): the pre-surgical “proximal co-contraction
pool”—A (Pct and TB) becomes a kind of “trigger” for the “distal co-contraction
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Figure 10.

Correlation between BB function and wrist/finger biomechanics (proximal-distal* Co-C during active
elbow flexion). ABD—shoulder abduction; IR—shoulder internal votation; EF—elbow flexion; WE—wrist
extension; FE—finger extension; N—neutral position.

Figure 11.

Fuictian of proximal and distal segments of the upper extremity in case of BPI with Co-C following medial
pectoral to musculocutaneous NT (result). TB—triceps brachii muscle; Pct—greater pectoral muscle; BB—
biceps brachii muscle; FE—finger extensors; WE—uwrist extensors; FF—finger flexors; WF—uwrist flexors;
A—aberrant spontaneous non-antagonistic proximal-proximal and induced antagonistic proximal-proximal
Co-C; B—aberrant spontaneous proximal-distal sequential Co-C (arrow indicates the direction of action

of primary Co-C initiator); C—aberrant spontaneous proximal-distal sequential Co-C associated with
elbow flexion (arrow indicates the direction of action of primary Co-C initiator); D—aberrant spontaneous
distal-distal sequential Co-C; E—elbow; blue—primary co-contractors; green—independent movement; both
colors—partially independent. *—Aggravation of wrist extension.
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pool”—D (FE and WE), which means that only sequential (in relation to the elbow
extension maneuver) wrist extension and opening of the hand is possible, a new
“proximal-distal co-contraction pool”—B is formed. The “proximal co-contraction
pool” dominates the “distal co-contraction pool” in a direct manner (proximal muscles
act first). This type of co-activation does not disturb the global function in relation to
the direction of the entire upper limb action reaching an object. Surgical reconstruction
of active elbow flexion through medial pectoral NT results in the introduction of a new
member in the “proximal co-contraction pool” BB. The post-surgical/post-recovery
“proximal co-contraction pool”—A—now consists of Pct, TB and BB. As a result, the
proximal muscles (above the elbow joint), the primary antagonists, BB and TB could
not act independently. Temporary “switching-off ” of TB, the primary BB antagonist,
leads to partial independence of BB. The “proximal co-contraction pool” still dominates
the “distal co-contraction pool” in a direct manner (proximal muscles act first). This
type of co-activation does not disturb the global function in relation to the direction

of the entire upper limb action both when pulling and reaching an object. The distal
muscles (below the elbow joint), the primary antagonist, WE/WF and FE/FF are able
to act independently during the basic activities of daily living (ADLs), allowing the
hand to open or to close freely. For instance, reaching the face, mouth, and contralateral
axillary groove while holding an object (cup, toothbrush, and deodorant) requires
elbow flexion and at least wrist stability or minor extension. Knowing that the TB, the
initiator of wrist extension (WE), acts simultaneously with BB (both from the same
new ‘“co-contraction pool”) their primary function of stabilizing the wrist joint is pre-
served whether during reaching (elbow extension) or pulling (elbow flexion) an object.

Short rational explanation: Pulling an object with the elbow flexion simultane-
ously activates the cortical centers of the triceps brachii muscle, as well as the wrist
and finger extensors. Partial independence of the biceps brachii muscle is most
probably related to the “drifting” of the cortical center of the elbow flexion. The
inability to completely dissociate the muscles of the “proximal co-contraction pool”
(TB, BB, B) isreflected in the power and angular performance rate of the biceps
brachii muscle. The co-existence of confronting proximal Co-C upon reaching and
pulling an object with elbow flexion/extension has only a minor influence on wrist
flexion/extension, hand opening/closing, while the preexisting proximal-distal
Co-C enables physiologic wrist positioning during ADLs.

Conclusion: Regardless of the fact that we obtained only 90° of the elbow flexion with
medial pectoral NT and the confronting function of TB partially disabled independent
elbow flexion, the distal segments of the upper extremity remained highly functional.

This clinical example reflects the pro and contra arguments of the utilization of
an available medial pectoral donor nerve in case of BPI accompanied by aberrant
spontaneous proximal-distal Co-C (Table 3).

PRO CONTRA

The conversion of aberrant spontaneous non- The conversion of the aberrant spontaneous

antagonistic proximal-proximal Co-C (Pct-TB) non-antagonistic proximal-proximal Co-C (Pct-TB)

into induced antagonistic proximal-proximal Co-C into induced antagonistic proximal-proximal Co-C

(BB-TB) did not produce confronting Co-Cs during (BB-TB) produces confronting Co-Cs during

reaching and pulling an object only in the distal reaching and pulling an object in the proximal

segments of the upper extremity. As a result, the segment of the upper extremity. As aresult, BB

main pro argument in favor of the provided NT becomes partially independent of TB, yet the

is that it does not disturb the independent hand confronting. Co-C between TB and BB prevents

opening. Wrist hyperextension that accompanies BB from executing its full flexion potential in the

either reaching or pulling an object is compensated elbow joint. Regardless the fact that BB power

for the independent function of the wrist flexors. reaches M4, the elbow flexion does not exceed 90°
Table 3.

Pro and contra arguments of utilization of the medial pectoral nerve in case of a-BPI accompanied by aberrant
spontaneous proximal-distal Co-C.
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4. Summary

We believe that, regardless of all existing limitations, we provide an interesting
insight in terms of a compromise solution for a specific case of BPI accompanied by
Co-Cs of different types. The study of the natural history of the individual regen-
eration process, a thorough preoperative evaluation of pros and contras, and advan-
tages and disadvantages of available NTs, lead to the emergence of a reconstruction
plan that allows not only to expand the functions of the upper arm (restore elbow
flexion), but also not to disturb the pre-existing partially pathological, yet highly
functional, biomechanics of wrist and fingers, to improve the overall function of
the entire upper extremity.
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Chapter 10

Frontiers of Brachial Plexus Injury:
Future Revolutions in the Field

Joseph M. Rosen, Jennifer Hong, Julien Klaudt-Moreau,
Allison Podsednik and Vincent R. Hentzg

Abstract

The field of brachial plexus surgery has undergone dramatic changes in the past
40 years. Most of these have been incremental in nature. We have seen increased use
of nerve grafts and nerve transfers. We have seen the introduction of robotic limb
replacements for the most severe flail limbs where surgical intervention has failed. In
some cases, we have seen an increase in the use of computer simulation and virtual
reality to train surgeons to plan and execute surgeries. More recently, we have seen
the introduction of technologies derived from regenerative medicine research.

However, we expect to see a true revolution in the field of brachial plexus
surgery in the next 40 years, specifically:

* We anticipate an increasing introduction of biotechnologies from regenerative
medicine.

* We expect fundamental changes in our understanding of nerve repair and the
introduction of Fusogens allowing us to couple nerve ends, establishing imme-
diate functional connections, and avoiding distal Wallerian degeneration.

* We will be able to prevent atrophy of muscles distal to nerve injury and
accelerate axonal regeneration.

* We will also see a comprehensive understanding in the mechanism of apoptosis
of the distal peripheral segment, and brain and spinal cord neurons proximal
to the injury, leading to pharmacological manipulation of the mitochondria
and other organelles in the distal nerve from signaling cell death and therefore
interrupting the normal cascade that leads to Wallerian degeneration.

* In chronic brachial plexus injuries where the limb musculature has irreversibly
atrophied, we will have three choices - robotic replacements, limb transplanta-
tion and limb regeneration. However, the most likely solution will be robotics
in the near future.

* We will see a revolution in both the design and control of robotic limbs through
brain-machine interfaces. Computers will allow us through virtual reality to
model the brachial plexus in extreme detail. These simulation models will enable
the prediction of outcomes of our surgery. Detailed physically-based models of the
injury obtained pre-operatively will allow us to better plan for surgery. Bringing
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these models into the operating room (through augmented reality) createsa
“performance machine” enabling us to better see and manipulate the brachial
plexus as we operate by superimposing our living models on the patient’s anatomy.

* In the more distant future, we will repair nerves by actually guiding axon con-
nections, recreating normal neuro-muscular and neuro-sensory architecture.

All of these advances will revolutionize the practice of brachial plexus surgery
and ultimately result in truly improved outcomes for our patients with the most
devastating brachial plexus injuries.

“The dreams of yesterday are the hopes of today and the reality of tomorrow —
Robert H. Goddard — father of the US space program

At the time of this quote, Robert Goddard was sitting in a tree in his backyard as a
high school student — and a true visionary. He believed we would reach the moon
and beyond, and he later created the original ideas that the space program was
founded on for the next century.

Keywords: brachial plexus surgery, nerve grafts, robotic limbs,
simulation, virtual reality, tissue engineering, regenerative medicine

1. Introduction
1.1 The last 40 years — Seeing further by standing on the shoulders of giants

Over the last 40 years, the field of brachial plexus surgery has greatly advanced. We
have moved from a field with initial poor outcomes to one that is now able to provide
hope to our patients. In many cases, our successes have changed a useless limb into a
functional assistive limb. In occasional cases, we have restored almost-normal function
to paralyzed limbs. However, in the most severe injuries, such as those resulting in a
chronic flail arm, we continue to struggle with failure to improve outcomes. We have
seen a wide adoption of new surgical techniques, first introduced in the latter half of
the 20th century, which are now common practice in the daily treatment of patients
with brachial plexus injuries. These techniques have been applied to patients in all stages
of life, from birth defects to adult brachial plexus injuries. They include microsurgery,
autologous and artificial nerve grafting, and tissue engineering to fabricate nerve con-
duits. Sophisticated surgical techniques including vascularized nerve grafts and func-
tional muscle transfers have been developed and successfully applied. We have seen the
use of nerve transfers, initially performed in selected cases, become the standard of care
for some conditions, and in many clinical scenarios we have switched from an operative
approach of repair of a very proximal injury to creating distal nerve transfers that more
rapidly restore functional outcomes. Indeed, the rising popularity of nerve transfers has
led to testing and validation of a variety of donor sites — including contralateral nerve
roots and intercostals — with new ones being introduced and tested almost every year.

In the most severe chronic injuries when conventional surgery has failed, patients
often accept amputation. In these cases, the distal limb muscles have atrophied
and vthe limb has become a burdensome “parasite.” For patients with a chronically
denervated extremity, a robotic limb that can be controlled through myoelectric

! https://quotefancy.com/quote/1669979/Robert-H-Goddard-The-dreams-of-yesterday-are-the-hopes-
of-today-and-the-reality-of
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interfaces can be a dramatic improvement. Robotic technology has experienced a
revolution in its capabilities to produce durable artificial hands with fully functional
five-finger dexterity, and the materials and methodologies for their manufacture. We
have seen the increasing clinical use of brain-machine interfaces to address neurolog-
ical problems resulting in advances that can now be translated into use for artificial
limbs. Many patients have received transplanted limbs; a technology that eventually
could be applied to the most severe chronic brachial plexus injured limbs. The safety
of whole-limb allotransplantation has improved with new immunosuppression
protocols; however, donor limb supply still remains a major limitation. Although
regenerative medicine has provided many solutions in multiple fields, the complete
regeneration of a limb remains beyond the scope of this chapter. Even with the
increased interest in total-limb regeneration in invertebrates and a few amphibians
and the introduction of new tools of genetic engineering like CRISPR, it is unlikely
that we will be able to manipulate our own genome to restore a limb in our Lifetime.

The realistic advances expected over the next 40 years will be driven largely by
today’s unanswered needs and questions. What is lacking today are the answers to
clinical gaps that include:

* Lack of technologies that accurately assess the injured nerve roots and provide a
detailed prognosis for recovery — we need sophisticated preoperative electrodiag-
nostic tools that map the injury and intraoperative imaging to guide the surgeon.

* Lack of nerve grafts — we need substitutes that are even better than autografts, that
contain the right structural matrix and cells with already “up-regulated” genes.

* Slow pace of axonal growth — we need methods to speed axonal growth, or
somehow obviate the need for axonal regeneration after nerve transection and
repair or reconstruction.

* Nerve degeneration distal to the injury — we need protective molecules or tech-
nologies that either slow the pace of — or better, prevent — Wallerian degenera-
tion of the axons distal to the site of injury.

* Inability to accurately connect proximal and distal axons at the site of nerve
repair — we need to not only re-establish the nerve connections between the
proximal and distal ends but also correctly connect proximal individual axons
to the exactly corresponding distal axons. That would require nerve repair not
at the epineural level, or at the fascicle level, but at the axon level - the true
level that is needed for successful functional recovery [1].

2. PartI: Acute injuries and their treatment, now and in the future
2.1 Regenerative medicine: Augmenting the healing process

There has been a revolution in regenerative medicine in the past two decades
(Figure 1). We have seen the ability to control human stem cells and transform
them into almost every type of adult cell including the peripheral nervous system
[2]. Today, regenerative medicine and tissue engineering allow us to grow human
nerve grafts. Tissue-engineered nerve grafts (TENGs) have been developed and
transplanted into large animal models to span large gaps [3, 4]. As allograft develop-
ment has progressed, the scaffolds and materials available for nerve repair have
provided functional outcomes for patients that are comparable to the existing
gold-standard autograft [5]. Allografts also have the potential to exceed the ability
of autografts to facilitate nerve regeneration, as they are capable of being modified
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Regenemtive Medicine (Section 2.1). Cells (such as fat cells) are harvested and processed to concentrate the stem
cells or grow them in culture. The cells are then injected around the nerve injury site, a process that has several
roles: to assist in nerve regeneration and to decvease neuropathic pain. The cells act at the injury site and also at
the proximal axon and cell body and further proximally in the spinal cord.

with pro-regenerative growth factors, impregnated with patient-derived stem-cells,
and be structurally engineered to prevent axon misdirection [6-10].

We have seen the beginnings of a shift from autografts to allografts and can
anticipate the common adoption of totally artificial, tissue-engineered substitutes.
These will be a combination of scaffolds, key bioagents, and cell components.
Widespread use of allografts that can improve on the functional outcomes of auto-
grafts is highly desirable as these biomaterials will reduce patient pain and disability
from surgery to harvest autografts, increase the amount of graft material available
to reconstruct long gaps in large nerves, and decrease operative time overall. Due to
regulatory pathways of the Food and Drug Administration (FDA) and other agen-
cies, there are many hurdles to overcome in the introduction of these stem-cell types,
[11] whether derived from fetal cells or from the transformation of adult cells.

A second area of active interest in regenerative medicine is the use of stem cells to
promote growth and speed healing. Mesenchymal stem cells are pluripotent cells that
persist into adulthood, and can be found in bone marrow and adipose tissue. These
cells can support nerve regeneration through multiple functions including secretion of
growth factors such as vascular endothelial growth factor (VEGF), differentiate into
progenitor cells, and modulate the inflammatory response [12-15]. At present, there is
a growing use of adipose stem cells which are more abundant than bone-marrow stem
cells and easily harvested in the operating room for peripheral nerve surgery [16] and
several other orthopedic applications, including injection into joints and around tendons
to encourage function and decrease pain. Fat cells are used to prevent scarred nerves
that have been surgically freed from re-forming scars. Fat cells are also used to prevent
neuropathic pain and encourage nerve regeneration [17]. They have been increasingly
used in the past 10 years and we expect their use to expand in the next 40 years.

We can also expect to see regenerative medicine create nerve-muscle units.
Much of this work is already being done successfully in many laboratories for small
muscles such as the intrinsic muscles in the hand. In some cases, muscle is being
grown to replace muscle that has been lost in limbs from blast injuries in wounded
warriors. We expect these new biomaterials to become part of our armamentarium
in brachial plexus injuries where distal muscle loss could be replaced with key
nerve-muscle regenerated substitutes [18].
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2.1.1 Tissue-engineered nerve grafts (TENGs) (additional veading)
These additional readings include an overview of peripheral nerve repair

approaches used [19] and further delve into TENGs including their efficacy, [20]
advances, [21] and interactions with native tissue [22].

Reference Topic overview

[19] A review of peripheral nerve repair approaches including hydrogel fillers, fibrous interluminal
fillers, and interluminal scaffolds

[20] A study investigating the efficacy of living vs. nonliving scaffolds in peripheral nerve repair

[21] A review of the advances and efficacy of TENGs including recent modifications and
enhancements to the scaffolds

[22] A review paper examining the two-way interactions between native cellular tissues and
electrospun matricies that serve as tissue scaffolds

2.2 Fusogens: Shifting the paradigm of nerve repair

Fusogens are a key innovation in peripheral nerve surgery. Fusogens are
chemicals that allow cell membranes, which normally repel each other, to fuse
together. In the context of nerve injury, they allow for fusion of the cell mem-
branes enclosing the two severed ends of the axon, thus establishing continuity
at the cellular level between the proximal and distal nerve. They are a paradigm
shift in our thinking and approach to nerve injuries. Our surgical approaches
have previously focused on fixing nerve discontinuity by suturing the epineu-
rium of severed nerves together. This intervention fails to act on the underlying
cellular structures that are affected by injury, namely the axon. By overcom-
ing the inherent molecular barriers to axon continuity, fusogens offer a new
therapeutic avenue for treating and rapidly healing acute nerve transections.
This technology was not considered possible prior to the new millennium, but
in the past two decades there has been an increasing accumulation of evidence
that not only can invertebrates fuse proximal and distal divided axons, but we
can also create the condition in vertebrates [23] to allow fusion to occur in both
spinal cord [24] and peripheral nerve injuries [25]. Since 2000, there has been
an explosion of different fusogen chemicals that would allow severed proxi-
mal axonal membranes to re-connect to distal axonal membranes [26] in the
timeframe before Wallerian degeneration occurs [27]. Within the first 72 hours
after a nerve transection, the axon membrane of the proximal axon and the
axon membrane of the distal stump could be successfully fused in vertebrates
(Figure 2). It was not clear what the mechanism for this fusion was, or what was
the best pharmacological agent to encourage fusion. With this initial success
in the peripheral nervous system of vertebrates, interest grew to move forward
and at the present time fusogens are being used in clinical trials for digital nerve
injuries [28, 29].

Fusogens are currently under investigation for clinical use in humans, using a
digital nerve repair model. They have not yet been used for brachial plexus injuries,
but their application to the brachial plexus would be very significant. The major
limitation of brachial plexus injuries is the long distance from the injury site to the
distal end organs, especially the motor units. By the time the regenerating axons
reach the target muscles, significant muscle atrophy has transpired. A reconstruc-
tive alternative to nerve repair, nerve transfers, when possible, can significantly
shorten regenerative times and re-establish myoneural junctions. This approach,
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Fusogen Treatment (Section 2.2). Fusogens act at the vepair site to enable the cytoplasm of the proximal and
distal axon to immediately fuse after being transected. The most commonly used fusogen at the present time

is polyethylene glycol (PEG). The mechanism of action is not presently known but PEG is thought to act
divectly on the cytoplasmic membranes at the time of injury to enable them to fuse. PEG stabilizes the physical
chemistry and properties of the membranes, enabling them to fuse through the biological-chemical intevactions
with the multiple layers of the cytoplasmic membranes and the influence of their surfactant properties.

when used in concert with a fusogen, could potentially provide immediate re-estab-
lishment of axon continuity and electrical conductivity. This would prevent the
atrophy [30] seen in brachial plexus injuries. We are now at the beginning of clinical
trials for digital nerves. This is the first test of this vast change in peripheral nerve
surgery. We would then expect to see applications to larger mixed nerves such as

the median and ulnar nerve at the wrist and then more proximal nerves. Eventually
it could be applied to the most proximal brachial plexus injuries where it is clearly
most needed.

In the next section, we discuss how to keep the distal nerve alive so that it would
be available for a fusogen solution or just a conventional nerve repair. This would
greatly increase the number of cases in which a fusogen could be used to instanta-
neously restore axon continuity and function.

2.2.1 “State-of-the-art nerve transfers” (additional reading)
In these additional readings, one can learn more information regarding nerve

transfer including their uses, [31, 32] suggested adjunct procedures, [32] efficacy
and outcomes, [33] and comparison to nerve grafts [34].

Reference Topic overview

[31] A review investigating the use of distal nerve transfers to the ulnar nerve in cubital tunnel
syndrome

[32] A review of nerve transfer use in peripheral nerve injury and suggestion of concomitant

Schwann cell transplantation to aid in regeneration

[33] A systematic review assessing the efficacy and outcome correlations of nerve transfer in
patients with brachial plexus and axillary nerve injury

[34] A systematic review evaluating nerve graft vs. nerve transfer regarding shoulder abduction
recovery in patients with brachial plexus palsy
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2.3 Apoptosis: The role of the mitochondria and other organelles in axonal
death

Fusogens require a viable distal nerve to work. In most brachial plexus injuries, it
is not possible to intervene before the distal nerve experiences Wallerian degenera-
tion. Once the process of distal degeneration has begun, fusion of the membranes
of the proximal and distal axons is no longer possible. However, in the past decade
significant strides have been made in our understanding of the process of apoptosis
— the cascade that initiates cell death and in the peripheral nerve, the process that
initiates the loss of the distal axon. Through recent experimental work in vertebrate
animal models, it is clear that organelles in the distal axon initiate apoptosis. In
particular, the mitochondria play an overwhelming role in this process. Mitochondria
were once a form or bacteria that invaded cells and then became a crucial part of
the cell’s metabolism responsible for energy production for the eukaryote cell. In the
axon, there are several types of mitochondria — some that migrate and others that are
relatively stationary [9, 35]. At the site of nerve injury, a calcium wave is propagated
down the distal axon. The mitochondria are directly affected by this calcium wave.
The mitochondria have an outside membrane wall and an inner membrane wall. The
calcium wave causes a state of increased permeability of the outer membrane of the
mitochondria [36]. The outer membrane of the mitochondria is contributed by
the host cell and the inner mitochondrial membrane is a part of the original primor-
dial mitochondria before it became a part of the cell or in this case the axon.

The state of increased permeability of the outer membrane is key to the ini-
tiation of the cascade that ultimately results in the signaling of cell death. The
mitochondria release proteins in the form of enzymes that begins apoptosis. This
then signals and engages the Schwann cells to transform into Bungner tubes. The
Schwann cells then recruit monocytes, and the monocytes transform into mac-
rophages that play a crucial role in engulfing the debris of the distal axon in the
process of Wallerian degeneration.

What if we could interrupt the cascade of apoptosis initiated by the mitochon-
dria? It has been shown through pharmacological means that molecules of certain
dimensions [36] can block the permeability of the outer membrane caused by the
calcium wave after nerve injury, whether by crush or transection. For example,
molecules of polyethylene glycol (PEG) can be introduced and selectively block the
pores in the outer membrane of the distal axon mitochondria and thus block apopto-
sis [27, 37]. This would provide a kind of immortality for the distal axon (Figure 3).
If the distal axon remains viable, then this opens up key opportunities in the
repair of nerves after a brachial plexus injury. Viable distal axons could be fused to
proximal axons through the introduction of fusogens at the transection site, causing
an immediate reconnection of the proximal and distal stumps and the immediate
reestablishment of connectivity, and most importantly, conductivity of action
potentials [38]. This would prevent the distal end organs from atrophying, [30] and
allow the muscles to remain viable and functional through the connections with
their distal axons across the myoneural junctions [39]. In addition, viable distal
axons would allow nerve repair even without fusogens. The proximal nerve stump
axons with their activated mitochondria will send out growth cones that will enter
the distal axon and re-establish connectivity. There would be no distal Wallerian
degeneration because the distal axons have remained viable [39]. In the case of a
nerve injury with substantial nerve loss between the proximal and distal stump the
gap would have to be bridged with a living nerve graft. This can be done with either
avascularized living nerve autograft or with a tissue-engineered nerve graft with
living nerve axons grown in the laboratory [20, 40].
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Agmal Immortality (Section 2.3). Distal axons in the distal stump undergo Wallerian degeneration after

the injury of the pevipheral nerve, either by the mechanism of being cut or crushed. There is also proximal
degeneration (vetrograde degeneration), similar to Wallerian degeneration, which involves several nodes of
Ranvier proximal to the injury site. It is believed that a calcium wave causes increased permeability in the outer
membrane of mitochondria in the axon, and this increased permeability allows bioagents such as enzymes to
be released by the mitochondria. The increased permeability then initiates Wallerian degenevation by signaling
the cascade that causes the Schwann cells to begin the process, recruit monocytes, and transform them into
macrophages to remove the debris in the distal axons. If polyethylene glycol is veleased at the injury site it plugs
the poves in the mitochondria and thevefore blocks this Wallerian degeneration cascade. This leads to the axons
becoming “immortal’.

Once we can keep the distal nerve stump alive along with its axons and
Schwann cells, we will open up many possibilities for the future of brachial plexus
surgery for acute injuries. What about chronic nerve injuries? We will address
these in the next sections, for cases in which the upper limb has lost all of its func-
tion, the distal end organs of muscle have atrophied, the joints have become stiff
and immobile, and even the distal nerve Schwann cells have undergone regression
so there is no longer a distal nerve stump available for reconstruction to connect to
the end-organs.

2.3.1 Preventing neuronal loss proximal to brachial plexus injuries

It has been known for many decades that even distal nerve injuries result in the
death of at least sensory neurons in the dorsal horn cells, and that more proximal
injuries result in a very notable loss of motor neurons as well. Many feel that this loss
of both sensory and motor neurons is responsible to a major degree for the observed
poor outcomes following brachial plexus reconstruction. A living neuron can
generate a new axon, but neurons cannot replicate themselves to repopulate neurons
lost following peripheral nerve injuries. Some studies have shown that almost 80
percent of motor neurons die following nerve root avulsion, a frequent component
of brachial plexus injuries in babies and adults. Such studies have shown that early
repair has a protective mechanism whose etiology is not yet clear [41].

Such early repair observations have led researchers (i) to study the potential
mechanisms associated with proximal neuronal apoptosis and by understanding the
mechanisms, (ii) to seek to discover therapies to prevent proximal neuronal apop-
tosis. Recently investigators have found that N-Acetylcysteine prevents retrograde
motor neuron death after neonatal peripheral nerve injury [42].

Other investigators found that altering transmembrane proteins that are selec-
tively expressed on neurons and oligodendrocytes facilitated neuron survival and
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axonal regeneration, attenuated muscle atrophy and motor end-plate loss, enhanced
neovascularization, and promoted functional recovery in a rat model [43].

As previously mentioned, mitochondrial dysfunction may play a role in neuro-
nal apoptosis and mechanisms to reduce this role may be beneficial in preventing
neuronal apoptosis. Over the coming years, we can easily anticipate the discovery of
molecular solutions to proximal apoptosis along with novel delivery systems such as
viral vectors.

3. Part II: Chronic injuries and treatment
3.1 Robotic limbs and brain-machine interfaces: Microelectronic axon processor

In the case of the most severe chronic brachial plexus injuries, the upper limb has
become insensible and irreversibly paralyzed. The muscle end organs have atrophied.
The neuromuscular junctions have resorbed. The distal nerve stump and its Schwann
cells have regressed. There is no possibility to re-establish connectivity and conduction.
In these most severe injuries, all of the roots of the brachial plexus have been avulsed.
For these chronic patients, there is little to be gained by using nerve grafts from the
contralateral seventh nerve root or other available donor nerve such as intercostals
and the spinal accessory nerve to innervate the very few functional muscles that can
be transferred from other parts of the body, such as the lower limbs. In these cases, the
patient’s surgical options for limb repair are severely limited. Often if they have one
normal upper limb, they may opt not to proceed with a reconstruction of the function-
less limb. One alternative is to consider amputation and replacement of the absent limb
with an artificial prosthetic limb. There have been great strides made in robotic limbs in
the past two decades [44]. Researchers have created endoskeletons; artificial or robotic
prostheses that replace an entire amputated arm. There has also been significant
progress in restoring function with an exoskeleton — a robotic device that is attached to
the outside of the paralyzed limb, allowing it to move and in some cases have sensory
function. For both the endoskeleton and exoskeleton prosthetics, phenomenal progress
has been made in macrorobotics and microrobotics to enable the fabrication of limbs
with dexterity that approaches the human upper limb.

New lightweight materials with increased strength have been used employing
new fabrication techniques. These fabrication approaches include new computer-
controlled milling machines and machines that extrude materials layer-by-layer
at micrometer scale to build a full arm. These design and fabrication approaches
allow us to now match the properties of a bird’s wing skeleton with respect to both
increased strength and decreased weight. Projects both in the US and globally
have made huge strides in their production of robotic limbs. One project proposed
a brain-machine interface (BMI) to control the new arms that would enable a
direct coupling of signals from the brain to control the micromotors powering the
new artificial limbs (Figure 4). This was pioneered by a number of universities.
Even as the BMIs improved, many artificial arms continue to be controlled by
more conventional myoelectric systems that use electrical impulses from surface
electrodes placed over muscles not involved in the brachial plexus injury. In other
cases, increased functional connections have been made in muscle units by dividing
muscles into smaller segments and instrumenting these smaller units to control
more degrees of freedom available in the robotic limbs.

BMIs have become ever more sophisticated with implants of specialized elec-
trodes into the brain and in some cases, biological interfaces [20, 40, 45].

Work at Stanford by one of the authors envisioned a microelectonic axon proces-
ser (MAP) to interface with available peripheral nerves. The MAP would be coupled
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Artificial Gonirel o sy
Mrescles Feedback

Virtual Reality Model of Robotic Limb
to Control with Brain-Machine Interface (BMI)

Figure 4.

Viftual Reality Model of a Robotic Limb Controlled by Brain-Machine Interfaces (BMIs) (Section 3.1).
Robotic prostheses can serve as replacements for the missing limb, or as exoskeletons attached to the surface

of the flail limb to replace the loss of limb function after a chronic severe avulsion injury of the pan brachial
plexus. The robotic limb can be controlled with surface electrodes or be directly coupled to computer chips or
deep brain electrodes placed in the brain or on the surface of the brain like an electroencephalogram (EEG).
Deep brain stimulus is alveady widely used clinically. In this case, similar electrodes would be used to either (1)
provide motor commands or inputs from the brain to the robotic limb or exoskeleton, or (2) provide sensory

feedback from the limb to the brain.

to a peripheral nerve at a repair site and the proximal axons would connect to the
distal axons through micrometer holes. Each hole would be instrumented with a
recording and stimulator electrode as part of a dynamic random access memory
(DRAM) microelectronic chip. The electrode sites would be made of iridium on
iridium contacts that would improve the signal to noise ratio and would help to
prevent the formation of scar tissue at the interface from causing decrements in the
signal quality. Although this work was begun in the 1980s it was very much ahead of
its time, as there is no present device with the same function.

Laboratory models of these chips were successfully tested in animal models.
The thousands of electrode sites mounted on the chip could then be programmed
using mirror technology programs taking advantage of artificial intelligence
algorithms using neural networks. This would allow the nerves to communicate in a
bidirectional manner with the robotic limbs at an axon level providing true detailed
connections of the motor and sensory systems at the level of the full maximum set
of degrees of freedom presently available in the human upper extremity.

First, we will see the introduction of simple BMIs but over time, we will see more and
more complex BMIs to control the robotic limbs whether they are a full replacement of a
limb or an exoskeleton fitted seamlessly around the non-functional human limb.

3.1.1 Robotic limbs and brain-machine interfaces (additional reading)

In these additional readings, one can learn more about upper limb prosthetics
[46] including an advanced prosthetic called the DEKA arm [47, 48] and other
advances funded by defense advanced research projects agency (DARPA), [49]
interfaces involved in control of prosthetics, [50-54] exoskeletons, [55] and consid-
erations for different levels of amputation [56].
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Reference Topic overview

[46] A review including technological advances in prosthetics for upper limb amputees

[47] A case series studying the DEKA arm- a prosthetic upper limb with active wrist control

[48] An article exploring the various DEKA arm models created through funding from DARPA

[49] A review discussing DARPA-funded peripheral nerve interfaces including a focus on provision
of motor control and sensory feedback to prosthetic limbs

[50] A review summarizing biosignal processing of BMIs that utilize EEG and EMG signals, as well as
adiscussion of sensors, features, and classifiers for upper limb prosthetics

[51] A review investigating the impact of biomechatronic technology on amputee rehabilitation
outcomes, including upper limb amputees

[52] This book chapter discusses the way electromyography (EMG) is used to create pattern-based
myoelectric movements of upper limb prosthetics

[53] A clinical trial studying the use of Utah Slanted Electrode Arrays (USEAs) to provide more
degrees of freedom in movement and increased proprioception for prosthetic hand users

[54] A review of the state-of-the-art and the limitations of myoelectric signal control
methods of upper limb prostheses

[55] A systematic review of EEG used in BMIs for control of human limb exoskeletons, including
background on upper limb exoskeletons

[56] A review exploring exoprosthetic limb replacement considering different severities of

amputation to the upper limb

3.2 Genetic engineering, growing new limbs, and transplantation of limbs

Many brachial plexus patients will refuse an amputation of their chronically
denervated atrophied stiff limb. In these cases, it should be possible to take advan-
tage of the advances in allotransplantation. The first kidney transplantation was
performed 70 years ago and vital life-saving organ transplantation has become a
major contribution to our surgical armamentarium for hearts, lungs, kidneys, livers,
and other parts. We have seen a more recent increase in the allotransplantion of both
faces and limbs. Hand transplants have become an everyday reality. They could also
be used to replace non-functional limbs in combination with new approaches to keep
the distal segment of the peripheral nerve functional to allow immediate reconnec-
tion of the nerves of the transplanted limb to the proximal stumps of the brachial
plexus through the use of fusogens. However, two key limitations remain: the supply
of donor-appropriate limbs and controlling the immune system [57]. Improvements
in immune suppression have helped to overcome rejection and reduced the associ-
ated risks of immune suppression [58]. Research in modulating the immune system
continues to result in major strides both for solid organs and allotransplantation
of faces and limbs. However, the ultimate future solution for the limited supply of
donor parts will be the ability to use either (i) regenerative medicine to grow a new
limb or (ii) genetic engineering with new tools such as CRISPR to change our genetic
code to let humans do what many other creatures can do - regenerate a totally new
limb from an amputated stump. Limb regeneration will require breakthroughs that
are beyond the timeframe of this chapter, and it will fall to others to speculate about
the future beyond the next 40 years. For now, we are limited to transplanted limbs
and the inherent limitations of immune suppression and supply of donor limbs.

3.2.1 Genetic engineering, limb growth, and transplantation (additional veading)
These additional readings further describe hand transplant background [59] and

outcomes, [59, 60] immunosuppression needed for vascularized composite allotrans-
plantation (VCA), [61, 62] complications in VCA, [63] and transplant waiting lists [64].
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Reference Topic overview

[59] A review paper including hand transplant background and outcomes

[60] A review of hand and upper extremity transplantation outcomes

[61] A review of immunosuppression in VCA including approaches and future directions

[62] A review discussing outcomes, resultant functionality, and immunosuppression in VCA
procedures.

[63] A review summarizing complications that have occurred in VCA

[64] A review exploring the VCA waiting list in the US

3.3 Computers, virtual reality, augmented reality, and artificial intelligence

Computers were a product of World War II and there has been exponential
progression over the past 75 years. The microprocessors powering computers have
followed Moore’s law, doubling their computational ability every two years for the
past 40 years. This will eventually enable the development of a microelectronic axon
processor as we have discussed above in Section 3.1. Computers and their computa-
tional power will let us design truly realistic models of the brachial plexus injuries
facing us in the operating room. Mathematical models can mimic the behavior of the
nervous tissue and other surgical tissues that we need to manipulate. These models
will enable a future surgeon to visualize the brachial plexus and a specific injury in
real time in a virtual reality environment. It can now be used to train surgeons and to
prepare, plan, and practice surgeries prior to attempting to repair the most complex
brachial plexus injuries. A virtual reality helmet or viewer such as the Oculus™ can
link to a computer model of a specific injury, created using a physically-based finite
element mathematical model of the brachial plexus and surrounding tissues of a
patient, from data obtained from a detail-rich 3D MRI, CT scan, or ultrasound taken
prior to surgery. Surgical simulation has now become an accepted tool in many of our
fields since its inception in the 1980s. The original applications modeled gunshot bal-
listic injuries and congenital problems such as surgery on cerebral palsy. Once virtual
reality established the use for these models for planning and practicing surgery, then
it became possible to apply the same patient-specific models in the operating room by
superimposing the models on the patient as we operated (on the patient — a technol-
ogy known as augmented reality Figure 5). There exist several systems that enable
the fusion of the computer-based mathematical model of the patient that was created
prior to the surgery onto the actual patient during the procedure. The term coined for
this by one of the authors is a “performance machine”

A performance machine allows the surgeon to conduct the surgery with the aid
of the computer model and ultimately to predict the outcomes. The most advanced
models with the aid of artificial intelligence will predict the outcomes of surgery.
Outcome prediction has been done [65] in other fields such as musculoskeletal sur-
gery and vascular surgery, and should eventually be possible for peripheral nerve
surgery such as complex brachial plexus surgery. Although computationally intense,
it is possible to accurately fuse the computer model on the actual patient in real time
as we are performing the surgery. With the overlay of the computer model, we can
“see through” the tissue that surrounds the brachial plexus, identify key landmarks,
and avoid key structures. Surgeons also often use the surgical robot in performing
brachial plexus surgery in areas that are difficult to reach, for example, beneath
the clavicle in the area of the subclavian vessels. Our most challenging cases are in
brachial plexus surgery or injuries where the subclavian vessels have been repaired
or bypassed, and the normal surgical planes have become obliterated by scar.

In a similar manner where a tumor may encircle the brachial plexus, combining
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computer simulation and robotic surgery technologies (Figure 6) may reduce some
of the risks inherent in such cases. Each year we come closer to seeing virtual and
augmented reality technologies introduced in brachial plexus surgery.

AUGMENTED REALITY

iy
| |
I Computer Model
from MRI and Simulation
]

Brachial Plexus

Figures.

Augmented Reality (Section 3.3). In augmented reality, we create 3D image models of the brachial plexus

for a specific patient and then superimpose these images on the patient’s body in real time during the surgical
procedure. This superimposed 3D model allows the surgeon to “see into” the patient as the model displays
transparent skin, soft tissue and bones to pinpoint the exact position of the nerves. The model can deform

and change shape, adjust to the position of the patient and the brachial plexus with the patient location using
fiducials or key markers that allow the computer the fuse the patient and the models together in the same space.
These models can be combined with vobotic surgery to allow the surgeon to use a minimally invasive approach
to the brachial plexus, working around critical structures such as vessels and bones.

REMOTE SURGICAL ROBOTIC SYSTEM

REMOTE SURGICAL ROBOTIC SYSTEM
provides increased magnification
and cata fusion of 3D images

Figure 6.

Robotics (Section 3.3). This remote surgical robotic system uses a surgical robot to assist the surgeon in operating
on the brachial plexus. This system provides increased magnification, removes the surgeon’s tremor, and
provides the ability for data fusion of pre-acquired 3D images.
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Another promising development in computers is the use of artificial intel-
ligence (AI) in decision-making. We have done research in modeling surgical cases
to improve the communication between the patient, the physicians, and surgeons
[66]. These models have used the AI discipline of Bayesian algorithms to model the
behavior of the patient and the physician during complicated procedures [67]. Lack
of communication or miscommunication can lead to poor outcomes where the needs
of the patient and the decisions made by the surgeon are misaligned. It is possible
to develop models based on Al that can help to reduce these errors [68]. Brachial
plexus surgery is an especially rich area for this type of decision-making because of
the complexity of the decision-making and the many choices available to the surgical
team in deciding which is the best course of action for the patient [66, 69, 70].

3.3.1 Virtual reality, augmented reality, and artificial intelligence (additional
reading)

One can learn about virtual reality, augmented reality and artificial intelligence by
reading about models that capture decision-making processes, [71] Bayesian 2-test cases
in medicine, [72] and VR and AR use in medical imaging [73] and procedures [74].

Reference Topic overview
[71] A proceeding that utilized a cognitive model to capture decision-making processes
[72] An article exploring the use of visual aids to better demonstrate results of Bayesian 2-test cases

in the medical field

[73] A review investigating the use of VR and AR in medical image viewing/manipulation,
including background on VR and AR development

[74] A review exploring the documented uses of VR and AR in medicine, including in diagnostic
and surgical procedures

4. Conclusion: brave new world of brachial plexus surgery

In looking forward, as Sir Isaac Newton was quoted as saying in 1695, “If I
have seen further than others, it is by standing on the shoulders of giants”> Many
scientists and clinicians have provided the foundation that we presently stand upon.
The authors have contributed to many of these fields, but many others have led
these fields and created the technologies that we discussed in this chapter that can,
one day, further advance the field of brachial plexus surgery. This chapter cannot
possibly give credit to all of those scientists and clinicians that have preceded us.
However, our goal has been to look at possible scenarios for the future of brachial
plexus surgery and provide an optimistic view of the future.

This optimistic view sees a future in which a patient with a severe brachial
plexus injury can dream of, hope for and ultimately experience the reality of a fully
functional limb, whether biological or artificial, following their treatment. The
solutions in the future will stem from many of the present technologies and meth-
odologies that we have presented in this chapter. But these are only our vision for

2 “If I have seen further,” Isaac Newton wrote in a 1675 letter to fellow scientist Robert Hooke, “it is by
standing on the shoulders of giants.” https://fs.blog/2020/04/shoulders-of-giants/. This was a saying that
was well known in Newton’s time and he was paraphraing it: (https://www.quora.com/When-Newton-
said-If-I-have-seen-further-it-is-because-I-have-stood-on-the-shoulders-of-giants-to-whom-was-he-
referring-Who-were-his-giants).

158



Frontiers of Brachial Plexus Injury: Futuve Revolutions in the Field
DOI: http://dx.doi.org/10.5772/intechopen.99209

the future. We are sure that there are other technologies that we have not discussed,
and ones that we have not foreseen, that will impact this field.

During our careers our most severe challenges have been seeing our unfortunate
patients with brachial plexus injuries that do not turn out well, whether a child
with a birth defect, or an adult with a traumatic injury. They have been among
our most courageous and most thankful patients. It is important that we dedicate
ourselves through our careers to help them in any way that we can. We will partici-
pate in many successes and failures as we introduce new technologies and surgical
techniques to address the many challenges presented by this field. It is through
our patients and our camaraderie to share our knowledge, our successes and our
failures, that we will move this field forward. This book is an important milestone
in our field and we feel fortunate to have contributed this chapter to the success of
this book. Its publication is very timely to mark the past progress in this field, the
present state of the field, and in some small part, to look at the future ahead of us as
practitioners of the field of brachial plexus surgery.
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