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Preface

The human shoulder requires a wide range of motion to allow a great variety of movements,
among them, throwing objects. This capability is precisely what afforded our ancestors in
the distant past the skills of hunting and self-defense. In fact, the oldest known defensive
objects are common cobblestones found in a cave in Ukraine. These round stones, which
came from a nearby river, were supposedly used by the region’s primitive inhabitants to
defend themselves from potential predators. Pitching a projectile is a significant task for the
delicate configuration of a humerus that barely articulates with the shoulder blade, which in
turn only articulates at a very small joint with the clavicle, which itself articulates with the
sternum, again by way of a very small joint. The entire stability of the shoulder depends on
the muscles that move and support it.

The shoulder’s wide range of movements is a great evolutionary advance, but it is also a
source of problems. At times, the joint can move excessively, inducing luxation of the hu-
merus head or damage to the soft tissues, among them, the brachial plexus. In fact, both
upper and lower extremities are made by extension and fusion of the given somites. As
muscles are made from more than one somite, nerves have to anastomose between them to
allow a proper innervation of each muscle. This creates the necessity for a well-formed
nerve plexus at the root of the limb.

The combination of a nerve plexus with a wide range of movement in a highly mobile joint
at the shoulder creates the perfect scenario for a brachial plexus injury. In normal childbirth,
there is already stretching of the brachial plexus as the infant’s head and shoulder (usually
the right one) are moved in opposite directions. Such injuries are always a possibility when
the newborn is large and the mother’s pelvis outlet is perhaps small; this is particularly true
if the quality of obstetric attention is suboptimal.

As we grow, we start to move in multiple ways. Motorbikes and bicycles are economical
transportation, particularly in big cities. They are relatively inexpensive, can adapt to small
roads or to heavy traffic conditions and can be parked almost anywhere. But unfortunately,
accidents are common. The head is perhaps protected with a helmet, but the shoulder re-
mains exposed and can be separated violently from the head, inducing a great variety of
brachial plexus injuries.

Once a brachial plexus injury is established, there exists a large array of treatment strategies.
Conservative measures can help in some cases, but many injuries may need some sort of
surgical repair. In these cases, nerve transfers opened a door allowing the repair of lesions
once considered irrecoverable. In fact, even when a successful nerve suture, with or without
intervening grafts was achieved, regenerating axons reached the distal muscles that were
fibrotic and functionally dead. There is still much room for improvement: this is the arena of
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nerve root avulsions, particularly when all or almost all the brachial plexus nerve roots are
avulsed. Some attempts to reimplant avulsed roots have been tried, but clinical results in
humans have been dismal.

This book offers a new look at the field of brachial plexus injuries, taking advantage of the
vast experience and knowledge of great figures who treated these dreadful conditions over
many years. We hope the reader enjoys the book as much as the authors did writing it.

Vicente Vanaclocha

Assistant Professor
Department of Neurosurgery
Hospital General Universitario
Valencia, Spain

Nieves Saiz-Sapena
University of Valencia
Valencia, Spain
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Chapter 1

Introductory Chapter: Brachial Plexus Injuries - Past,

Present, and Future

Vicente Vanaclocha and Nieves Saiz-Sapena

Additional information is available at the end of the chapter
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1. Introduction

Although they have a low incidence [1-3], brachial plexus injuries continue to be a cause
of serious disability [4]. Their victims are mostly young people in the middle of their lives
or newborns, always with worrisome long-term consequences [2—4]. Unfortunately brachial
plexus lesions can also be the result of iatrogenic injuries [5]. The quality of life of those
affected is devastated, with high personal [4, 6], familial [7], and societal costs [8, 9].

Nowadays, road accidents in young people continue to be the most common cause, particu-
larly when the victim is thrown in the air and lands on the shoulder [2, 5, 10]. This is particu-
larly common in developing Third World countries, where people have to recourse to the
motorcycle for their daily transportation [1, 11-14], as a car is an option outside their reach.
Other causes are wars [15-17] and assaults [18, 19]. The incidence is higher in males than in
females [1, 2, 13, 20], probably related to the highest aggressiveness and violent behavior
in the former [21]. In newborns brachial plexus injuries are usually due to problems dur-
ing vaginal delivery [3, 22], particularly in case of a macrosomic fetus [23, 24], common in
diabetic mothers [25]. In the developed countries, the fear of unpleasant medicolegal con-
sequences in case of an obstetric brachial plexus injury has induced a significant increase
in the proportion of cesarean section deliveries [26, 27]. The incidence of iatrogenic brachial
plexus lesions unfortunately continues to be stable overtime with no signs of reduction [5,
28-30]. These iatrogenic lesions are induced while performing lymph node biopsy [5, 31, 32],
vessel catheterization [33, 34], on applying radiotherapy in the treatment of cancer [35, 36]
repairing upper limb bone fractures [37, 38], in programmed orthopedic procedures [39, 40],
due to inadequate patient positioning [41, 42] or when restraining aggressive patients [43].
Preventing these iatrogenic injuries is particularly important, not only because they might
lead to ugly medicolegal consequences [28] but because of our motto “primum non nocere”

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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(first do no harm) [44]. Any measure or technical improvement aiming to decrease the chance
of these unwanted iatrogenic injuries will always be most welcomed. Knowledge, awareness,
and training of all hospital personnel must be a priority in our daily basis [45].

2. Treatment modalities

The age of the patient, the mechanism of injury (blunt or penetrating), the location (proximal
or distal in the upper limb), and the extent of the lesion will influence the type and timing
of the treatment algorithm as well as the final result [46, 47]. When all brachial plexus roots
are affected, particularly if avulsed, there will be very limited treatment options, and the end
results will be a severe upper limb disability with a very limited chance of a useful functional
recovery [48-50].

Particularly, it is important to find out if the lesion is pre- or postganglionic as the first one
has no chance of spontaneous recovery [51]. Magnetic resonance imaging has proven very
useful in this respect [52]. Waiting for spontaneous recovery will entail an inexcusable waste
of time that will lead to an unsatisfactory recovery [50, 53]. Thus, once the diagnosis of the
nerve root avulsion is confirmed, the repair will have to be done as soon as the patient is able
to tolerate the surgical procedure needed to be done [54, 55]. The “urgent” repair, a few days
after injury, has been reported by some in cases of confirmed avulsion and in clean nerve
sections (i.e., glass) [56].

The treatment strategy is based on the mechanism of injury [54], the findings of the physi-
cal and neurological examinations [57], and the results of the complementary diagnostic
tests (electrodiagnostic studies [58], magnetic resonance imaging [59], and ultrasonography
[60]). This last one is relatively inexpensive and can be made available to places with very
limited resources [61]. It can also been used intraoperatively to see the anatomy of the dam-
aged nerves, helping to decide if the lesioned nerve segment has to be removed and the gap
grafted or a neurolysis will solve the problem [62]. The evolution of their results overtime
is particularly useful to locate the lesion(s), assess its severity, and control the response to
the treatments (physiotherapy, observation, surgical repair, electrostimulation, etc.) [63].
Computerized myelo-tomography was used in the past to diagnose the nerve root avulsions,
but nowadays it has been replaced by magnetic resonance imaging [59, 64-66].

Spontaneous recovery can be expected in most brachial plexus injuries [67], particularly in the
case of obstetric patients [68]. Among them the rate of spontaneous recovery is particularly
high (66-92%) [69]. Physical therapy is essential to correct muscle contractures and avoid
neglect of the damaged limb while waiting for spontaneous recovery [69]. In the case of inad-
equate recovery, on-time surgical treatment might be indicated [3, 68].

Progressive improvement of the surgical techniques with direct nerve repair, nerve grafting,
and particularly with nerve transfers has greatly improved the results in the brachial plexus
injuries [47, 70-72]. Direct repair, when at all possible, is still the first choice, provided that
there is no tension in the suture line [73]. Nerve grafts are required to cover the gaps, but
the results are often not as good as expected [74, 75]. Meanwhile, the nerve transfers have
expanded our treatment capabilities with excellent results [72, 76]. They are particularly
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useful in nerve injuries affecting the distal parts of the upper limb, as other techniques like
the nerve repair, direct or with nerve grafts, yield poor results [47, 70, 77]. The growing axons
coming through the nerve repair take so long to reach the hand intrinsic muscles that when
they do it find them atrophied and fibrotic [78-81]. Meanwhile, the nerve transfers provide
new axons close to the injured muscles with an early and efficient repair [72, 76]. At times an
end-to-side nerve transfer can be added to keep the muscles viable, while the growing axons
from the direct primary nerve repair to reach their final destination in the motor end plates
[82]. Nerve transfers solve the problem of a long distance between the lesion site and the
motor end plates to be reinnervated [6, 49, 72, 76]. They can also be used in case of delayed
patient referral [83] or dense scar at the primary injury site [84]. Sensory nerve transfer is
another very promising area [85, 86], particularly in tetraplegic patients [87, 88], and can also
help to control the neuropathic pain [89].

3. Future treatment possibilities

Currently, there is an intense research on pharmacological agents that accelerate the axonal
regeneration, shortening the time needed to achieve the reinnervation [90, 91]. Other areas of
research are the use of stem cells and growth factors as well as the search for artificial conduits
that could substitute the autologous nerve grafts [90, 92]. The most serious injuries, the nerve
root avulsions, are still awaiting an effective solution. Reimplantation has been attempted but
the results are dismal [50].

Treatment of a complete brachial plexus avulsion with its resultant flail arm poses still a
serious challenge [49]. Even with contralateral C, nerve root transfer, only some primitive
movements are regained with limited use in the daily life [93]. Some have recommended
upper limb amputation in these unfortunate cases [94].

Tetraplegic [88] and stroke [95] patient treatments are an area of expansion, aiming to recover
some functions in the upper limbs that can improve their quality of life [88, 96]. The rationale
behind is to use nerve transfers to recover specific functions (like finger movement) in areas
of irreversible spinal cord or motor strip damage [76, 97].

Some technical refinements have been described attempting to reduce the chance of iatrogenic
injury in cases of anesthetic brachial plexus block [98, 99]. The use of ultrasonography can be
of invaluable help [100]. Some recommendations on patient positioning have also been for-
warded [44]. The long-term commitment of every hospital employee is essential to minimize
these unwanted mishaps.

4. The future in your own hospital

A final word should be said on how to start, develop, and consolidate a new peripheral nerve
unit. This can be a major endeavor that demands continued devotion and long-term commitment.
Once you start in this field, first you have to be known and accepted in your own hospital and then
in your community. Time and persistence are needed to get the confidence of the referring doctors
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as well as the respect of the public. A stepwise and cautious attitude is recommended. While
good results not always are acknowledged by our colleagues, a bad case can ruin our reputa-
tion. Meanwhile, to get the needed equipment and personnel is something that needs continuous
negotiation with the hospital administrators; fighting for resources is also demanded by many
other members of your own hospital. But with long-term persistence and unrestricted commit-
ment, one usually achieves the goals, as proven by the authors of one of our following chapters.

5. Conclusions

Brachial plexus injuries continue to pose serious treatment dilemmas. Although the proximal
injuries have a reasonable good prognosis, the distal ones not always get a good functional
recovery. There has been a big improvement over the years, but research is needed to further
improve the functional results, particularly in pan-brachial plexus avulsions. To start a new
peripheral nerve unit is an exciting endeavor that demands enthusiasm, long-term commit-
ment, and daily persistence.
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Abstract

Avoiding suture tension in peripheral nerve coaptation seems to be a clinical dogma
since 30 years, although experimental data are weak and clinical practice shows good
functional outcome after peripheral nerve repair by direct coaptation under “reason-
able” tension, defined by local anatomic feasibility and the use of specific suture material.
In this article, we focus on the microsurgical technique of nerve stump coaptation and
the distribution of tension through epineural sutures with various suture materials; we also
analyze the impact on the different nerve tissue layers, the limit of this approach and
its combination with other tissue releasing techniques like paraneurolysis, adjacent joint
flexion, or bone shortening.

Keywords: nerve suture, coaptation, tension, brachial plexus injury, obstetrical,
peripheral nerve, microsurgery

1. Introduction

The actual state-of-the-art in suture-coaptation bringing together two stumps of a severed
peripheral nerve requires good histologic quality of both stumps, a gap that may overcome
by acceptable tension, and a good microsurgical technique when performing epineural or
epi-perineural mattress sutures, leading finally to a nearly invisible congruent “anastomosis”.

Few authors have dealt so far with aspects of technical improvement of nerve stump coapta-
tion, but fascicular alignment seems to be a major factor to ensure proper regeneration [1].

Peripheral nerves contain elastic fibers and after nerve transsection, even without any loss of
substance, a gap between the two stumps becomes apparent. The local nerve tissue damage

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and ingrowing fibrosis of both stumps may increase and/or fix the gap in an irreversible man-
ner, than the further coaptation becomes hazardous.

Although “reasonable” tension may be applied to try to overcome the gap, it is generally
recommended to perform nerve sutures in a tension-free environment using 9/0 and 10/0
microsurgical suture material. When these stitches break, a nerve graft is recommended.

Recently, we gained reasonable experience in the reconstruction of upper and extended upper
obstetric brachial plexus lesions (OBPL) in general [2] and with direct sutures [3], showing
very good clinical results of motor recovery after severe obstetric traction injury with com-
plete trunk ruptures. Optimizing the functional result after surgical reconstruction in all types
of OBPL is always the prevalent aim, especially to recover an adequate hand function [4].

The OBPL direct suture repair technique was introduced already over hundred years ago [5]
and we know that several peripheral nerve surgeons are incline to perform a direct coaptation
of two peripheral nerve stumps with a “reasonable” tension, to avoid short grafting with less
dense nerve fiber interposition.

There is thus a striking controversy between a clinical axioma (tensionless nerve coaptation)
and surgical experience, leading us to investigate this issue further and to discuss both the
existing literature and possible research protocols.

2. Surgical technique

The nerve suture should bring together two stumps of good tissue quality, that is, free of
fibrosis (i.e., infiltration of collagen fibers) or neuroma (predominance of misoriented periph-
eral minifascicles), with good fascicular appearance and a gap overcome by slight traction
and finally hold by the sutures [6, 7]. de Medinaceli introduced a microsurgical technique
focusing on good fascicular alignment in both stumps [1], mainly to avoid random fascicular
ingrowth of the regeneration cones.

Every nerve microsurgeon knows that if there is tension, the first suture point is the most
difficult to be achieved and at risk for filament rupture (Figure 1).

As there are more points added, the tension lowers (Figure 2) and at the end, the coaptation
site shows a good appearance and mechanical resistance.

To prevent undue tension, either the proximal and/or the distal nerve stump may be mobi-
lized, that is, freed from their paraneural tissue, thus giving additional length, gained at the
price of decreased local blood supply (as the vasa nervorum might be interrupted by this
circumferential paraneurolysis).

Also may one take advantage of the existence of “reserve capacity” of each peripheral nerve
at the level of major joints, which are flexed to release more tissues.

In dramatic situations, like in war injuries or when considering very large nerve repairs (like
the ischiatic nerve), bone shortening might be considered to reduce or overcome the gap.
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Figure 1. Problem of the first epineural suture knot under undue tension.

Figure 2. Tension decreases with more anchor points.

In very young children, like those suffering from OBPL, the structural elasticity of the
longitudinally growing nerves is assumed to be enhanced, as is also the capacity of nerve
regeneration and overall cortical plasticity. The young connective tissue is loose, nerve fibers
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and myelin sheaths are thin and the peripheral nerve structure itself is continually under a
longitudinal growth stretch.

Concerning nerve stump coaptation at every age, there is no way to overcome the fascicular
malalignment due to the intrinsic plexual structure constitutional of most multifascicular
peripheral nerves (Figure 3).

Figure 3. Intraneural plexiform fascicular structure.

Figure 4. Onalon 6/0 microsurgical filament: fine needle, 6/0 strand.
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Moreover, we actually do not have an insight into the physiologic regeneration once the
suture is completed and the wound is closed, as the diffusion tensor imaging (DTI) technol-
ogy related to MRI images is actually not performed regularly after peripheral nerve surgery.

When it comes to the suture material, nerve microsurgeons routinely use 8-10 or 11/0 nylon
(nonabsorbable monofilament) material with fine needles proportional to the filament diam-
eter, that is, needles for 11/0 sutures are smaller and thinner than those for 8/0 sutures.

Recently, we developed in cooperation with Onatec (P6fsneck Jestetten, Germany), a specific
microsurgical suture material, made up of a 6/0 filament with a real microsurgical needle
(Figure 4), allowing epineural nerve sutures of “bigger” nerves like the upper or middle trunk
in OBPL repair or adult radial and median nerve coaptations.

As the 6/0 filament is inserted strictly epineural and thus lays outside the fascicular structures,
and as nylon is supposed to be biologically inert, we continued that practice on a prospective
series of OBPL repairs we actually published with a follow up of 18 months and still very
promising results of sensory and motor function recovery [3].

Figures 5-7 show one clinical example of a typical upper and middle trunk neuroma repair
with the identification of the rupture site (Figure 5), trimming of both proximal and distal
stumps (Figure 6), and the direct suture (Figure 7).

The 6/0 strand together with a rather thick epineurium in larger nerves (like those mentioned
above) gave us satisfactory coaptation stability already after two or three sutures, where

Figure 6. Clinical example of OBPL direct suture: after proximal and distal stump trimming.
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Figure 7. Clinical example of OBPL direct suture: upper and middle trunk direct suture.

thinner suture filaments needed more sutures to stabilize the coaptation. Nevertheless, in our
OBPL trunk coaptations, we regularly used a minimum of 6-8 6/0 epineural sutures (Figure 2)
before surrounding the coaptation site with a sleeve of fibrin glue.

The only similar stabilizing technique using foreign material promoted polylacton (vicryl)
strips applied outside the epineurium to decrease the tension onto the suture points [8].

3. Morphologic and mechanic analysis

Tension is a force applied onto a surface and might be reduced on a circumference while
using more anchor points (remind Figure 2). Suture tension has so far not been quantified or
measured, we probably could state that it is even unmeasurable in the in vivo situation of a
surgical procedure.

The question is how much of the maintained tension into the nerve stump coaptation is trans-
mitted to the periphery, that is, the stumps, and if this affects nerve regeneration and the
physiologic function afterwards.

Some experiences support the concept of a negative influence of nerve stretching on the phys-
iologic function [9]. But clinical results show the feasibility of this method without lowering
the functional outcome, even providing unexpected good results.

Tension could harm by decreasing the blood flow in the vasa nervorum (a stretch on a
circular blood vessel-tube would flatten it and diminish the cross section, thus theoretically
lower the blood flow); but one could argue that through the initial nerve lesion and the
surgical paraneurolysis, those freed segments are anyhow separated from the local blood

supply.

Tension is also said to increase local fibrosis (the amount of collagen fibers), but we should
further investigate if the tension in the epineural layer, holding the suture material, is equally
transmitted to the deeper structures (the deep interfascicular epineurium and finally the peri-
neurium and the fascicular sheets).
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* Very young patient
® Acceptable nerve diameter (OBPL trunk or cord)
* Limited scar and/or gap

¢ Compliance for postoperative immobilization

Table 1. Ideal conditions for a direct suture approach.

* Good clinical result in OBPL direct sutures
¢ Longitudinal growth in young patients

* Tissue adaptation: elastic fibers, low collagen content, and postoperative immobilization

Table 2. Strong arguments for a limited tension-suture model.

One could imagine that the tension is hold within the thicker epineural layer of a thicker periph-
eral nerve and that the aligned fascicles in the nerve depth are no longer experiencing distraction
stress —thus the nerve regeneration happening on the highways of the deeper fascicules would
not be disturbed (that’s what our clinical cases seem to show, like a “tube-in-tube” concept).

Tension is not measured easily, or even not at all, and once it comes to textbook descriptions
like “reasonable tension” or “avoiding excessive tension” we should be convinced that the
actually accepted dogma is weak.

On the other hand, there is the real danger of “promoting” bad microsurgical technique and
overindication for direct coaptation, bringing together bad quality stumps under undue ten-
sion just to avoid a graft (donor site morbidity, longer procedure, two coaptation sites, but
overall less fiber density).

Table 1 summarizes ideal clinical conditions for a direct suture approach; Table 2 summarizes
strong arguments for a limited tension, suture approach.

4, Literature research

Between 1975 and 2017, a PubMed MEDLINE research about “nerve suture” and “tension”
only prompted eight valuable articles on nerve-suture related tension [8, 10-16]; presenting
animal studies in rats, cats, dogs, and monkeys; using sciatic or upper limb nerves, and study-
ing the outcome by histology and nerve conduction studies. There are so far no conclusive
data about what is better and how much tension is tolerated.

5. Further investigations and today’s conclusions

There is still enough controversy about tension tolerance in peripheral nerve surgery.

Clinical outcomes oppose to the experimental background, which on deeper analysis is rather
weak, as the literature on the subject is scarce.
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Out of our actual clinical and scientific knowledge, we believe that further investigation could
be conducted in several ways:
* biomechanical analysis of various suture filament strengths used in nerve coaptation

* nylon suture: long term interaction with the fascicular anatomy studied by late histologic
examination

* a model of a tube, in tube, behavior of the peripheral nerve (epineural versus fascicular
tubes)

* in vivo observation of coapted nerves in a regeneration chamber.
Meanwhile, we continue to use all available “tricks” and refinements to decrease the gap

and the suture tension, to allow optimal nerve fiber regeneration, without any visual help to
follow this biological process after reconstructive surgery.

Never should our analysis allow bad techniques with insufficiently cleared stumps, undue
tension on the coaptation after three or four knots, the introduction of stronger filament mate-
rial (3 or 4/0), not adapted to the local anatomy, extension of the proposed technique to smaller
nerves with fine epineurium, and not supporting suture material thicker than 10 or 11/0.

But with further developments, we may define indications and good surgical background
conditions with limited nerve damage, good mobilization capacity of stumps, good micro-
surgical coaptation, and rewarded after a good technique with a significant functional result.
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Abstract

In this chapter, we aim to discuss the neurophysiological basis of the brain reorganization
(also called plasticity) that associates with a traumatic brachial plexus injury (TBPI), as
well as following the brachial plexus surgical reconstruction and its physical rehabilita-
tion. We start by reviewing core aspects of plasticity following peripheral injuries such
as amputation and TBPI as well as those associated with chronic pain conditions. Then,
we present recent results collected by our team centered on physiological measurements
of plasticity after TBPI. Finally, we discuss that an important limitation in the field is the
lack of systematic measurement of TBPI clinical features. We finish by proposing possible
future venues in the domain of brain plasticity following a TBPL.

Keywords: cortical plasticity, traumatic brachial plexus injury, peripheral lesions,
sensorimotor cortex, rehabilitation

1. Introduction

For a long time, synaptic networks in the brain were thought to be defined at birth and
throughout the first years of life, remaining unchanged thereafter. However, contemporary
research has shown that changes in functional brain organization do occur throughout an
individual’s life: synapses and dendritic budding are formed and eliminated, their efficacy
being modulated through a complex network of neuronal interactions (reviewed in [1, 2]).
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The term “plasticity” refers to the capacity for such changes [3, 4] occurring in response to
injury, learning, training, illness or therapy [5]. Plasticity has been since then considered as an
intrinsic property of the human brain, fundamental for overcoming genetic constraints and
adapting to environmental pressures, physiological changes and new experiences [6].

Brain plasticity that follows a peripheral nervous system injury has been extensively docu-
mented at molecular, synaptic and systemic levels both in animal models and in humans.
These plastic changes are, however, still documented at a purely descriptive level, and the
search for conceptual models that allow predicting the direction of these changes is becoming
mandatory [7]. Moreover, from a clinical point of view, the demonstration that the plastic-
ity phenomenon underlies robust functional gain is necessary [5]. Progress in this direction
should guide the development of new therapeutic interventions. This chapter starts with
a brief introduction on brain plasticity after peripheral lesions with a special case for bra-
chial plexus injury. We shall then discuss the available evidence of functional recuperation
after surgery and physical therapy. Finally, we will point on new directions toward a fresh
approach to changes in the brain following a peripheral nerve injury.

2. Brain plasticity

2.1. Brain plasticity after a peripheral injury

It is now widely demonstrated that lesions on the periphery of the body are capable of pro-
moting structural and functional modification in the sensory (51) and motor (M1) primary
cortices [8, 9]. In animal models, these changes have been shown to translate into the topo-
graphic rearrangement of the body representation [10-13]. In patients who suffered traumatic
amputation of a limb, noninvasive studies using the transcranial magnetic stimulation (TMS)
technique showed that reorganizations in M1 are characterized by an expansion of the motor
representation of the stump toward that of the segment of the amputated limb and, more
rarely, an expansion of the face toward the amputated hand [14, 15]. Similarly, the analysis of
the somatosensory reorganization resulting from amputation evidenced an extension of the
face-to-hand representation in the primary somatosensory cortex [16] and more rarely, from
the shoulder toward the hand [17], and from the trunk toward the hand [18]. However, recent
results in these patients [19, 20] have shed doubt on the existence of face-to-hand expansion,
suggesting instead that the territory of the missing hand is little, if so, invaded by neighbor-
ing representations after an amputation. In fact, it is possible to retrieve from stump muscles
an EMG activity related specifically to the voluntarily evoked phantom hand movements
[21], suggesting that the hand motor commands are preserved in the brain (reviewed in [22]).
Furthermore, hand transplantation is capable of reversing the amputation-induced reorgani-
zation, with the intrinsic muscles of the donor hand being represented in M1 of the patients
who received the transplant [23]. Cortical reorganization of intrinsic hand muscles was
also verified in patients with leprosy affected by ulnar and median nerve injury [24]. Taken
together, these results suggest that the sensorimotor representations in the brain are highly
Mutable, that the hand representation persists in the sensorimotor cortex after an amputation
and finally, that the changes following a peripheral lesion are reversible.
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The mechanisms that underlie the occurrence of these plastic dynamics in the brain after
injury and surgical reconstruction in the periphery of the body are still largely unknown and
thus under active investigation. Different explanations such as neuronal budding and the
unmasking of previously existing synapses, kept functionally silent by inhibitory gabaergic
cortical circuits, are not mutually exclusive and should be taken into consideration [25, 26]. It
is also possible that part of the observed reorganization is arising from subcortical plasticity
and not only by new cortical-cortical projections [27, 28]. Furthermore, depending on the type
of deafferentation, the mechanisms involved in the reorganization of the cortex might be dif-
ferent and could occur simultaneously at different levels of the sensorimotor system [27, 28].

2.2. Brain plasticity and pain

The phantom limb is a well-described phenomenon relating brain plasticity and limb ampu-
tation. When a persistent limb sensation occurs in the form of pain, the phenomenon is
described as phantom limb pain [29]. Phantom pain has been shown to correlate with the
degree of cortical reorganization [30, 31]. Using functional MRI, Lotze et al. [32] found a dis-
placement of the cortical representation of the lips in M1 and S1 toward the representation
of the hand in amputees, with a positive correlation between the displacement degree and
the intensity of phantom pain. Furthermore, the imagined movement of the phantom hand
activated the neighboring face area in the patients with phantom limb pain but not in the
pain-free amputees. These data suggest selective coactivation of the cortical hand and mouth
areas in patients with phantom limb pain [32].

The idea that cortical reorganization plays an important role in the pathophysiology of pain
and that pain would lead to cortical reorganization has been confronted by the proposition
that the plasticity generated by the phantom pain results both from the maintenance of the
local cortical representations of the amputated limb and the disturbance of the interregional
connectivity in the primary sensorimotor cortex [33]. However, it is possible that both pro-
cesses (reorganization and preservation of limb function) occur simultaneously. Furthermore,
the impact of peripheral factors such as afferent stimuli from the residual limb might be con-
sidered as an additional component in the pathology of phantom pain [34]. Besides, different
experimental contexts, different methods for evaluation of cortical reorganization, and the
difficulty in considering the impacts of psychological effects of the lesion seem to play an
important explanatory role when one considers the variety of results in this domain, thus
calling for the need to continue exploring this phenomenon [34].

Functional reorganization was also detected in pain syndromes. Flor et al. [35] investigated
S1 reorganization in patients with chronic low back pain and observed a shift of the cor-
tical representation of the back, interpreted as an expansion of the back’s representation
into the foot and leg area. Furthermore, Apkarian et al. [36] demonstrated that cortical gray
matter density decreases regionally in chronic back pain patients. Other studies have also
reported similar brain morphological changes related to various chronic pain conditions such
as complex regional pain syndrome [37], chronic headache [38], and fibromyalgia [39]. The
Apkarian group, in a series of revisions, further proposes that the transition from acute to
chronic pain would be due to learning mechanisms within the cortical-limbic circuitry, lead-
ing to the formation of continuously reinforced memories that could not be extinguished, as
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a consequence of motivational and emotional associations with the painful stimuli, possibly
potentiated by a greater learning capacity due to a predisposition to addictive behavior [40].

2.3. A model for brain plasticity investigation: brachial plexus injury

The brachial plexus (PB) is composed of a set of peripheral nerves responsible for the sensory,
motor and autonomic innervation of the upper limb. Injury to peripheral nerve structures
and/or medullary avulsion as a result of a traumatic brachial plexus injury (TBPI) lead to
changes in cortical representations [41-44] and are also often associated with neuropathic
pain [45]. Surgical procedures have been used in the treatment of TBPI patients with a view
to the partial reconstruction of the lost innervation [46]. In particular, the nerve transfer
technique (neurotization) has been described as effective for restoring denervated muscle
function, particularly in cases where spinal root avulsions are involved [47]. However, the
complete reconstruction of the motor bundles that innervate the arm after a TBPI is still not
possible and priorities have been established to guide reconstructive strategies, the rescue of
elbow flexion being the main purpose of the more prevalent cirurgical procedures [48-50].
As an important cirurgical outcome, Htut et al. [51] showed that pain reduction was greater
for the group of patients who underwent grafting and nerve transfer and that pain intensity
was lower for the group of patients submitted to surgery than for those who did not undergo
the procedure.

Mano et al. [41] and Malessy et al. [42] were pioneers in the study of cortical plasticity in
patients with TBPI employing transcranial magnetic stimulation. Since then, a few studies
have been published in order to evaluate these plastic phenomena. After surgical transfer
of the intercostal to the musculocutaneous nerve, a shift from medial to lateral of the biceps
representation in M1 cortical map was reported [41, 43]. However, after this surgical proce-
dure the tactile stimulation of the newly innervated forelimb skin area often results in tactile
sensation in the chest region [52-54]. The neurotization of the biceps with fibers from the
contralateral C7 root is another possible strategy to rescue elbow flexion. C7 root fibers are
normally involved in adduction and extension of the ipsilateral arm. With this neurotization,
flexion of the injured arm will no longer be under the control of the contralateral hemisphere,
but rather under the control of the ipsilateral hemisphere. The cerebral hemisphere ipsilateral
to the injured plexus will be controlling both the extension of the intact arm and flexion of
the neurotized arm. In a fMRI study, performing an elbow flexion after the contralateral C7
neurotization of the biceps resulted in a bilateral cortical activity in a network comprising
the premotor and primary motor cortex as well as the posterior parietal and supplementary
motor areas ipsilateral to the neurotized arm [44].

In a fMRI longitudinal study, Yoshikawa et al. [55] accompanied 20 TBPI patients before and
up to 32 months after different TBPI surgeries. Patients were asked to perform or simulate
flexion/extension elbow movements with the affected arm. A reduction in the elbow move-
ments representation in the contralateral sensorimotor cortex was observed at approximately
3 months after injury, reducing further after 1 year of injury (9 months of surgery). Over time,
as the functional recovery of the elbow movements occurred, a concurrent reemergence of the
activation areas was observed in the sensorimotor cortex.
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Employing resting state fMRI Fraiman et al. [56] analyzed the empirical functional correla-
tions between neighboring voxels. They found evidence of faster correlation decay as a func-
tion of distance in the M1 region corresponding to the upper limb but not in the face area
in patients with TBPI as compared to a control group. A possible mechanism to explain the
lowered correlation between neighboring voxels as compared to control subjects would be
due to reduced activity in the intrinsic horizontal network, which is thought to orchestrate
motor synergies in M1. Interestingly, these modifications also encompassed the M1 trunk/
lower limb representation, suggesting that TBPI might imply in a bodily extended motor dys-
function. Accordingly, it was also found that TBPI affects body balance [57]. Souza et al. [57]
showed that TBPI patients oscillate more in the sagittal plane as compared to a control group
while standing barefoot on a force platform for 60s.

Liu et al. [58] and Hsieh et al. [59] explored changes in interhemispheric functional connec-
tivity, observing decreased connectivity and loss of cortical inhibition between the primary
motor areas of the two hemispheres after TBPI. Fraiman et al. [56] also found faster cor-
relation decay as a function of distance in ipsilateral M1. Lu et al. [60], using voxel-based
morphometry in fMRI, found less gray matter in BPI patients in brain regions such as the
cerebellum, the anterior cingulate cortex, the bilateral inferior, medial and superior fron-
tal lobes and bilateral insula, most regions closely related to motor functions. The authors
speculate that this loss of gray matter might be the neural basis for the difficulties in motor
rehabilitation of BPI patients. Other studies have explored further aspects of cortical plas-
ticity after TBPI. Employing resting-state fMRI, Feng et al. [61] investigated differences
between right and left injuries in right handed individuals revealing that right limb injuries
induce greater cortical reorganization. Moreover, plasticity does not seem to be restricted to
the sensorimotor cortex, involving higher-order regions such as the precuneus, the lateral
aspect of the posterior parietal cortex, the superior parietal lobe, and the intraparietal sulcus
[62]. Taken together, these results call for a more careful evaluation of the functional loss
after TBPL

Socolovsky et al. [63] recently reviewed different factors that could play a role in neuroplas-
ticity and functional regeneration after nerve transfer. Distance between cortical territories
of the donor and receptor nerves, the presence of preexisting brain connections, gross versus
fine movement restoration, rehabilitation, brain trauma and age at lesion were listed as influ-
encing functional restoration [63].

Rangel [64] employed an action observation and electroencephalogram (EEG) paradigm to
investigate if a TBPI affects the capacity to anticipate the occurrence of sensory and motor
events in the space around the arm. If it was the case, a change in the neural signature specific
to each context (observation of a hand movement or of a hand about to be touched by an
external object) might be verified. Preliminary results showed that the electrophysiological
marker associated to predicting actions was preserved in the left sensorimotor region when
TBPI patients with incomplete lesions sparing the hand observed actions performed by a right
hand. Crucially, the ability to estimate upcoming touch events in the hand was preserved
only for the sensorimotor cortex contralateral to the spared limb, suggesting a dependency of
online sensory information to estimate events around the hand.
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2.4. Clinical impact of TBPI

Although cortical plasticity after TBPI and its reconstruction has already been widely dem-
onstrated [41-44, 46, 55, 56, 58, 59, 61-63], it is still very challenging to evaluate its clinical
impact. Below we speculate about some reasons for that fact.

The first reason is that TBPI outcomes are still underestimated. It is known that TBPI con-
sequences go beyond motor disability and pain. It also includes psychic, social and quality
of life impairment [65, 66]. Since TBPIs are complex and heterogeneous, it is not expected
that a single measure should completely cover all these aspects [67]. However, TBPI out-
come reports are routinely limited to motor function, specially muscle strength, most fre-
quently measured through British Medical Research Council (BMRC or MRC) scale [68].
Notwithstanding, TBPI may lead to limitations in various daily living activities such as
washing, dressing, combing, eating, and preparing meals, in addition to restricting social
participation, such as work, hanging out with friends and practicing sports. All this can have
a strong impact on the individual’s lifestyle [69, 70]. A cohort study followed 629 polytrau-
matized patients to evaluate the influence of upper extremity trauma on in-hospital prog-
ress, rehabilitation and social situation in the long term. The subgroup with TBPI presented
slightly worse scores on mental and physical components of the quality of life survey SF-12
and significantly worse results in the score used to classify the rehabilitation status, which
included a self-assessment of individual, social, financial, professional and medical items
and a questionnaire and examination performed by the surgeon. Furthermore, the average
duration of rehabilitation was more than twice as long, there were significantly longer dura-
tion of unemployment and higher retraining rate for TBPI patients when compared to other
injuries [71]. Besides, there is a gap regarding the assessment of activities and social partici-
pation post-TBPI [72]. In a recent systematic review, Hill et al. [69] found that upper limb
activities are rarely evaluated for this population, and there is still a shortage of clinimetric
evidence in the questionnaires used to assess activity after TBPI. As a consequence, the major
cortical plasticity measures take only motor function and their brain-related changes as their
outcomes. It is possible that nonmotor consequences of TBPI also result from cortical plas-
ticity driven by mechanisms still unrecognized and unexplored. This knowledge may open
new doors to access and understand cortical plasticity.

Another reason lies on the research protocols to evaluate cortical plasticity after a
TBPI. Many factors that may also influence cortical plasticity are frequently disconsidered,
for example: dominance [41, 43, 59], side of injury [58], cause of injury [55, 59, 61], associ-
ated traumas [41-44, 55], physical therapy treatment [42—44, 55, 56, 59, 61] and pain relief
medication [41-44, 55, 56, 59, 61]. Several factors influence the execution of activities by
the upper limb, besides hand dominance. Some activities require unimanual and others,
bimanual skill [73]. Furthermore, individuals with TBPI can adapt to their injury over time,
performing tasks with their unaffected limb, changing handedness or compensating by
using other body parts [74]. In addition, it is known that tasks performed by the upper
limbs are complex, requiring control of positioning and multiple joints in varying degrees
of freedom [75, 76]. This situation prevents the translation of experimental evidence into
useful tools in clinical practice.
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2.5. TBPI rehabilitation impact on cortical plasticity

A better understanding of cortical plasticity in TBPI may improve patients outcomes through
the development of more accurate prognostic measures and more effective and customized
therapies. Surgical treatments such as nerve, muscle and tendon transfers require plasticity to
have good results (reviewed in [63]); therefore, after surgical treatment, specific approaches
should be performed according to the type of surgery to which the patient was submitted. For
example, in neurotization or nerve transfer, physical therapy should involve muscles related
to the donor’s nerve [43, 77-79]. The patient initially performs movements of the target mus-
cle through the activation of the donor nerve muscles and this synergism will be useful in the
beginning of the treatment to gain strength at the target muscle. Recently, Dahlin et al. [79]
reported a case of a TBPI patient, who was initially treated with a transfer of intercostal to mus-
culocutaneous nerve. Due to insufficient recovery of elbow flexion, after 2 years, he received
a gracilis muscle transfer reinnervated by a phrenic nerve transfer. Electromyographic mea-
surement showed that different activation patterns of the biceps and gracilis muscles were
evoked by coughing and deep breathing, respectively. Moreover, voluntary elbow flexion
elicited activity in the biceps and gracilis muscles associated with a decreased activity in inter-
costal muscles. These results corroborate findings [41, 43] indicating that the neural control of
elbow flexion in M1 gradually separates from the control of voluntary breathing. In addition,
it brings important information for elaborating therapy protocols concerning which specific
task would be encouraged in order to facilitate elbow flexion (i.e., transferring coughing func-
tion in patients operated with intercostal nerve transfer and transferring deep breathing func-
tion in case of phrenic nerve transfer).

Moreover, Souza et al. [57] showed that motor impairment after TBPI is not restricted to the
upper limb segment, since the clinical balance assessment and posturographic analysis in a
TBPI group indicate that these individuals do exhibit balance impairments. This study indi-
cated that rehabilitation after TBPI should not be directed only to the upper limb, but also to
prevent and treat the secondary outcomes of this condition.

The TBPI rehabilitation team, therefore, must have a good understanding of the cerebral
changes caused by the injury, the surgical reconstruction and the physical therapy, so that
an individually tailored rehabilitation program can be applied according to the injury char-
acteristics and the functional problems experienced by the patient in order to guide plastic-
ity so that the best possible clinical outcome can be achieved [79]. Many TBPI rehabilitation
programs are purely empirical, but recent studies have suggested that specific interventions
could accelerate axon regeneration and brain plasticity [80, 81]. There is accumulating evi-
dence that central adaptation factors are relevant to the recovery following peripheral trauma,
which may also contribute to optimal functional outcomes. The modulation of the central ner-
vous system is a key component of current rehabilitation strategies, being it sensory re-edu-
cation, constraint induced movement therapy, exercise, electrical stimulation or transcranial
stimulation [82]. Further studies investigating brain plasticity following TBPI rehabilitation
with a longitudinal design are needed to a better understanding of the natural history of the
disease, the cerebral response to the injury and changes following rehabilitation through the
potential approach of guided plasticity.
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2.6. Relevance

Improving knowledge on TBPI and its treatment is also an opportunity to reduce its social
and economic impacts, the main victims being in general male in working age. Since Narakas’
report in 1985 [50], subsequent series on brachial plexus injury around the world reaffirmed
the importance of motor vehicle accidents, especially motorcycle, as its main cause [83-89]. The
same trend is observed in series covering peripheral nerve injury in general [90-93].

However, traffic accidents as a whole, including motorcycle ones, impact more intensely in
developing countries [94]. As an example of this situation, in Brazil, a huge increase by 400% in
motorcycle fleet was observed from 2003 to 2015 [95]. In recent years, there grew up from 20 mil-
lion in 2012 to more than 25 million in 2017 [96]. A consequent increase in motorcycle accidents
reports should be naturally expected. However, official data show that the relative contribution
to traffic accidents by motorcycle is much higher than could be previously imagined. In the
first 6 months of 2017, motorcycles represented 27% of total Brazilian vehicular fleet, but were
responsible for 74% of total indemnity paid by traffic accidents in the same period. Since traffic
accidents involving motorcycles represent the most frequent cause of TBPI [83-89], an increase
in TBPI in the Brazil, and in other developing countries, can be predicted in the near future.

3. Conclusions

There is mounting evidence that the brain is capable of recognizing and incorporating new
information after a peripheral lesion followed by its surgical reconstruction. Frequently, these
plastic processes are associated with persisting pain, a phenomenon that has been shown to
correlate with the degree of cortical reorganization. However, the mechanisms underlying
these phenomena are still only partially uncovered. TBPI is an interesting model of brain
plasticity due to its incidence, the large variety of injury levels and the available surgical
reconstructive procedures. For instance, studies with TBPI have shown changes in cortical
representation after surgical transfer. Shortcomings in interpreting the results from studies
relating brain changes after TBPI and its reconstruction are the paucity of systematic correla-
tion of TBPI with detailed clinical evaluation protocols and the need of further investigation
of physical therapy outcomes after TBPI. New venues in this domain shall be opened through
the development of approaches allowing putting together more detailed clinical investigation
protocols and that of brain mechanisms associated to plasticity after TBP1.
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Abstract

Nerve root avulsion is the most severe form of brachial or lumbosacral plexus injury.
Spontaneous recovery is extremely rare, and when all the nerve roots of the affected
plexus are avulsed, the therapeutic options are very limited. Nerve root reimplantation
has been attempted since the 1990s, first in experimental animal models and afterwards in
human beings. Currently, only partial recovery of the proximal limb muscles has been
achieved. New therapeutic strategies have been developed to improve motor neuron
survival and axonal regeneration, with promising results. Neurotrophic factors and some
drugs have been used successfully to improve the regenerating ability, but long-term
studies in humans are needed to develop complete recovery of the affected limb.

Keywords: brachial plexus injury, nerve root avulsion, nerve root reimplantation,
motor neuron death, muscle atrophy, neurotrophic factor, axonal regeneration, motor and
sensory recovery

1. Introduction

A common event in brachial plexus (BP) injury is nerve root avulsion (NRA) in which the
nerve rootlets (NRts) are torn from the spinal cord (SC) [1-3]. Once avulsed, the NRts retract
towards the nerve root (NR) sleeve [4]. The most common cause is traumatic NR stretching
due to road accidents or parturitions [3, 5]. These injuries can also happen but are much rarer
at the lumbosacral plexus [6]. The ventral rootlets (motor) are weaker and thus get injured
more often and more seriously than their posterior counterparts [7].
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Soon after avulsion anterior horn motor neurons (MN) and sensory neurons at the dorsal
root ganglion (DRG) undergo apoptosis [8-17]. Inside the avulsed NR itself, there is a
Wallerian degeneration with axonal and myelin loss [18]. The muscles, devoid of nervous
impulses, undergo atrophy and fibrous transformation [19, 20]. At the SC, the neurons suffer
loss of synapses with destruction of previous neuronal networks and creation of new anoma-
lous ones that will lead to abnormal nerve impulses which might induce chronic neuropathic
pain [21-24].

After complete NRA, spontaneous regeneration is impossible [9]. In case of a single NRA,
recovery coming from nearby healthy ones can be expected in neonates but not in adult
patients [25]. Ventral root surgical reimplantation has been attempted both in experimental
animals and in human beings with partial recovery [26, 27].

Axonal regeneration is stronger in direct ventral NR reimplantation [26, 28]. This is rarely
possible [4, 7, 29, 30], so peripheral nerve grafts (NGs) are used to cover the gap between the
SC and the remains of the avulsed NR [31-33]. These NGs are usually taken from a peripheral
sensory nerve (medial antebrachial cutaneous, radial cutaneous, and saphenous), which is not
the ideal situation as motor nerve regeneration is worse if sensory nerves are used as donors
compared to mixed or pure motor nerves [34-36]. Acellular conduits have also been used, but
the regeneration does not grow further than 2 cm [37, 38].

1.1. Historical background

Surgical repair of spinal NRs after traumatic avulsion in live human beings was considered
technically impossible until the pioneering work of Carlstedt et al. [39]. The first studies were
done in rats [40], then in cats [41] and finally in primates [42, 43], before attempting NR
reimplantation in humans [44]. Initially, the efforts were directed at repairing the ventral
rootlets (motor), but in adult human beings, it provided only mild improvement in shoulder
and elbow movements [45]. In children, some hand movement was recovered but with limited
function [29]. In addition, it was found that the number of surviving MNs and the number of
axons that regenerated after NR reimplantation had a direct relationship with the final func-
tional recovery [7, 30]. Ever since, many research groups have focussed on understanding
the underlying pathophysiology and to find surgical strategies and drugs that can enhance
regenerating capacities.

2. Pathophysiology

The interface between the central and peripheral nervous systems is known as the transitional
zone (TZ) [46], and the regenerating capacities are influenced by both of them. The first is rich
in astrocytes that create channels through which motor fibers pass [15]. The latter has Schwann
cells that secrete neurotrophic factors (NFs) with higher regeneration abilities [47].

NRA disconnects the transverse arch that exists at each spinal level between the posterior horn
sensory, the lateral horn autonomic and anterior horn neurons [23] as well as disconnection of
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the DRG neurons from the bulbar and thalamic sensory nuclei [48]. NRA also induces loss of
synapses and dendritic arborisation, fiber degeneration, neuronal death, posterior spinal col-
umn degeneration and glial proliferation [23, 48]. The synaptic and neuronal changes in the
posterior horn produce neuropathic pain [24, 48, 49].

NRA is followed by an intense inflammatory SC reaction [50] with microglia, macrophage and
glial proliferations [51]. At the TZ a dense scar tissue and a neuroma from the avulsed MN
develop [15, 46, 52-55]. In the normal situation, the central nervous system is rich in astrocytes
that create channels through which the nerve fibers pass [15]. After NRA, astrocytes proliferate
and rearrange, blocking those channels and making it difficult for the regenerating nerve fibers
to grow [15, 46, 56]. Axonal and dendrite regeneration is inhibited by the secretion of some
substances by the astrocytes (chondroitin sulphate proteoglycans or CSPGs) [57-59] and oli-
godendrocytes (myelin protein [60-62] and semaphorin-3 [63]). Additionally, the glia secrete
neurotoxic products like glutamate [15] and free radicals [64] that induce massive neuronal
death among motor [8], sympathetic [12], parasympathetic [12] and posterior horn sensory
neurons [17].

About 80% of the MNs die in the following weeks [13, 65, 66], but this death does not happen
immediately after NRA [13, 67, 68]. Instead, there is a 12-day period in which different
treatment strategies can reduce this MN loss [65, 69]. The chemical compounds that counteract
the glutamate toxic effects can reduce the MN loss by 70%, provided that they are adminis-
tered in the first 2 weeks after the NRA [16, 65, 69].

The closer the axonal injury to the neuronal body [55], the smaller the regenerating capacity of
the axon and the higher the chance that the neuron will die. Four millimeters is the minimum
amount of peripheral nerve that should remain to avoid MN death [70].

The surviving MNs develop axonal sprouts within 1 month after the NRA [41], but to achieve
a successful regeneration, the axons must cross the gliotic TZ, grow inside the distal peripheral
nerves, and reach the motor end plates [71]. The long distance to cover is a big impediment to a
successful functional recovery [72, 73]. By the time the muscles get reinnervated, they are
atrophic and with fibrotic changes, particularly the most distal ones [74]. The regeneration is
not privative to the axon, and the dendrites can also regenerate as axon, creating what has been
called a dendraxon. These also have the capacity to grow into the peripheral nerves and
reinnervate muscles [75, 76].

Although the MN regenerating axon has a chance to cross the anterior SC white matter to
reach its surface and then attempt to grow in a possible reimplanted NR [77, 78] for the DRG
growing axon, the same is almost impossible as they have to cross a very hostile and gliotic
posterior SC Dorsal Root Entry Zone (DREZ) [79-81].

In the human being, the avulsion damages more frequently the ventral NRts as they are more
fragile than their posterior counterparts [15].

NRA creates four problems that have to be addressed to achieve a successful repair. First, if the
axon is torn closer than 4 mm to the cell body, motor and preganglionic parasympathetic
neurons undergo apoptosis [10-13, 23, 67, 68, 70, 82-84]. Second, muscles are fibrotic by the
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time the regenerating axonal sprouts reach the motor end plates [72, 73]. In rats, functional
recovery is seen only in cervical but not in lumbosacral avulsion models as the distance to
cover is much shorter for the cervical NRs [9, 40, 85-87], and in any case only proximal limb
muscle recovery is seen [86-89]. Third, the regenerating fibers may reach the wrong target due
to misrouting [53], and in the absence of NG or conduit, the regenerating axons will grow
along the surface of the SC [27, 43, 53, 83, 87]. The misrouting is responsible for simultaneous
contractures in agonist and antagonist muscles leading to ineffective limb movements [30].
Fourth, there is severe muscular atrophy due to lack of use [74]. Hence, for a successful clinical
result, MN survival must be improved, axonal regeneration has to be enhanced and acceler-
ated, misrouting should be minimized and muscle atrophy should be prevented [15, 72].

Although the MN cell body can regenerate and grow a new axon after this is torn [69, 90],
many MNs apoptose [13, 65, 69], and only 80% of the surviving MNs do finally project a
regenerating axon in the reimplanted ventral root or NG [26, 27, 31, 86]. Reimplantation of
avulsed NRs either directly or by means of a peripheral NG helps to reduce the number of
MNs undergoing apoptosis, probably because of local NF production [69, 77, 89, 91-93].
Exogenous NFs can be administered to enhance the regenerating capacity of cells [47, 94, 95].

Historically, the first attempts were directed at motor recovery with ventral rootlet
reimplantantion [96], but recently sensory recovery has been proved possible by reimplanting
dorsal rootlets [97]. The results of dorsal rootlet repair are dismal because the SC glial prolifer-
ation creates barriers that prevent the regenerating DRG axons from reaching the posterior SC
horn [81]. The lack of sensory recovery induces chronic neuropathic pain [49, 98], and the lack
of proprioception causes limb clumsiness [30]. This has been partially avoided by direct
implantation of the dorsal rootlets or their NGs’ extensions inside the posterior horn itself
rather than on the surface of the SC [81, 99]. The repair of both motor and sensory NRts leads
to better functional results with more accurate movements and less muscular synkinesis [100].
Functional MRI studies have corroborated affected limb sensory cortex function recovery in
the area corresponding to the reimplanted NR [100].

The timing of NR reimplantation is crucial, as a longer waiting period will correlate with a
greater amount of MNs undergoing apoptosis [20, 27, 91, 93, 101-103]. The percentage of dead
MNs increases from 20% by 10-12 days post-avulsion [13, 65, 69] to 50% by 4 weeks [104, 105],
85% by 6 weeks [106] and 90% by 20 weeks [27, 83, 93, 107]. Early NR reimplantation seems to
have neuroprotective effects [27, 83, 89, 93, 108, 109], but some MN loss will happen even if
repair occurs immediately after avulsion [93, 101]. In animal models, NRA followed by imme-
diate reimplantation in the same surgical procedure minimizes MN apoptosis and achieves
muscle reinnervation with some limited functional recovery, which is better in the brachial
plexus than in the lumbosacral plexus [27, 69, 83, 110]. Ideally, the surgical repair must be
performed no later than 10 days post-injury [65] as a delay over 2 weeks will lead to poor
clinical results [20, 26, 27]. In clinical practice, patients suffering from brachial or lumbosacral
plexus avulsions often experience other concomitant injuries, sometimes quite serious, that
force delaying NR repair [111]. Another common scenario is that the precise diagnosis takes
weeks or even months [3]. In any case, in human beings NRA repair has to occur no later than
1 month after the injury to allow any motor function recovery [45, 74, 97, 100]. NGs are almost
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always needed as torn NRts retract and undergo fibrosis with time, making direct
reimplantation to the SC impossible unless the repair is done just a few days after the injury
[74]. This is a further difficulty as regeneration is worse with NGs than with direct NRt
reimplantation [26].

3. Pharmacological aids to enhance regeneration after nerve root
reimplantation

Several pharmacological aids have been introduced to improve MN survival and axonal
regeneration after anterior spinal NRt reimplantation. They can be classified into NFs, drugs
and cell-derived products (Table 1).

NF administration improves MN survival as well as synaptic and axonal regrowth [87, 112-115]
improving the NR reimplantation results. NFs enhance Schwann cell migration, axonal regener-
ation and myelination [8, 16, 69, 93, 105, 116-120] and delay MN apoptosis—by 6 weeks 80-90%
of them are still alive [8, 69, 116, 118-121]. To be maximally effective, they must be administered
locally at the SC-NR interface within the first 3 days and no later than 2 weeks post-avulsion [20,
87,93, 116]. NFs ought to be applied with Gelfoam or fibrin glue to avoid dilution in the CSF [72],
but free intrathecal application by means of an injecting pump is not recommended [122]. Their
short half-life limits their use, particularly because NFs have to be applied directly to a surgically
exposed SC [123]. Although NFs increase MN survival and axonal regeneration, their effect on
muscle recovery and final functional results is very limited [4, 7, 18, 20, 27, 37, 93, 105]. It has been
observed that in areas where the concentration of NFs is high, the regenerating axons get trapped
and do not grow to reach their final distal targets [18, 102]. Some have cautioned against the
possible adverse effects of using NFs in human clinical practice [124]. The currently used NFs are
brain-derived neurotrophic factor (BDNF) [115], glial-derived neurotrophic factor (GDNF) [8, 18,
20, 37, 102, 105, 125], ciliary neurotrophic factor (CNTF) [87] and intracellular sigma peptide (ISP)
[126]. GDNF shows the strongest action and a single direct application to the SC are enough,
provided that they are applied within the first 2 weeks after NRA [18, 20, 37, 102, 116, 127].
GDNF delays MN cell death for 6 weeks, therefore broadening the window for avulsed NR
reimplantation [20]. Similarly, the intracellular sigma peptide (ISP) blocks astrocytic inhibitory
action, thus facilitating axonal regeneration [126].

Moreover, the distance to cover by the regenerating axons from the SC avulsion site to the
muscular end plates is so long that by the time the axons reach their destination, the muscles
are atrophic and fibrotic [20, 128]. To avoid and delay this muscle atrophy as much as possible,
several strategies have been attempted: manipulating the molecular pathways involved in
muscle atrophy [129-131], nerve transfers from neighboring functioning nerves [132-136],
direct electrical stimulation of the affected muscles [137-139] and neuronal transplantation
inside the denervated muscle [20, 140-142]. In rats, the combination of GDNF at the SC-NR
injury site and embryonic spinal foetal neuron transplant inside the target muscles provided
the best possible functional result [20]. These embryonic neurons reinnervate the muscle end
plates just after the injury, preventing muscle atrophy while the regenerating axons arrived
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[20]. However, when the regenerating axons reached the muscular end plates, they had to
compete with the already existing axons coming from the locally injected embryonic foetal
neurons [20, 140, 143, 144].

Some drugs have been administered to minimize MN apoptosis and improve NR regenera-
tion: resveratrol (3,4',5-trihydroxystilbene) [145], riluzole (2-amino-6-trifluoromethoxyben-
zothiazole) [8, 69, 121], lithium [146, 147], minocycline [119], recombinant erythropoietin
[118], FK506-tacrolimus [148-151], geldanamycin [152, 153], acamprosate [67, 154], ribavirin
[154], N-acetyl cysteine [155] and glatiramer [156]. Some researchers have administered
combinations such as acamprosate and ribavirin [154] or riluzole and GDNF [8]. The main
advantage of acamprosate, ribavirin, and riluzole is that they can be administered orally
[67, 154, 157].

Resveratrol has been added to the autologous NG culture for a week in the rat experimental
Cs NRA and reimplantation model [145], finding that it improves axonal regeneration,
Schwann cell migration and myelination and MN survival —69% surviving 8 weeks after
NR repair.

In experimental brachial plexus avulsion (BPA) rat models, riluzole has been proved to
improve MN survival, prolonging the time period at which reimplantation can be successful
[65, 69, 101, 121]. If administered within 2 weeks post-avulsion, riluzole helps to keep 70%
of the MNs [65, 69, 121] alive and minimizes the sensory hypersensitivity and allodynia [119].
Its maximum effect is achieved when combined with GDNF [8], and it can be administered
orally [157].

In rat, experimental avulsion models and at doses used in the treatment of mood disorders,
lithium improves neuronal survival, axonal regeneration and myelination, allowing an earlier
and better functional recovery [146, 147]. One of its mechanisms of action is by increasing
endogenous BDNF secretion [158]. Its effect on growing axon myelination starts 4 weeks post-
NR reimplantation, reaching its pinnacle at 6 weeks and slowing down by 12 weeks [146].

Minocycline is a tetracycline derivative that inhibits glial proliferation [159] —a barrier against
axonal and dendrite growth [160] —and decreases neuronal [161] and oligodendrocyte cell loss
[120, 162, 163]. Minocycline can cross the blood-brain barrier and has anti-inflammatory
properties [120]. In rats, it has been administered intraperitoneally and intrathecally, with
better results through the latter route [106]. At low doses, minocycline has neuroprotective
properties, but at high concentrations it is neurotoxic [164], among other reasons, because glial
proliferation and Wallerian degeneration are a sine qua non for nerve regeneration [106].

Recombinant erythropoietin injected subcutaneously once a day for 3 days has shown
neuroprotective properties in a rat NRA experimental model [118]. These neuroprotective
properties are short lasting but can help to delay motor neuron apoptosis after NRA, increas-
ing the period in which a NR reimplantation can be undertaken [118]. Recombinant erythro-
poietin seems to counteract the cytotoxic effect of glutamate, block free radicals, increase the
release of neurotransmitters and decrease microglial activation [165]. The positive effects of
recombinant erythropoietin are maximal when its administration is started within 96 hours
(4 days) after NRA and reimplantation [118]. The side effects related with the administration of
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this drug—increase in erythrocyte production and a prothrombotic state—are not problematic
because this drug is only administered for 3 days [118]. Perhaps administering this drug for a
longer period of time could provide additional neuroprotective effects, but 3 days are enough
to prolong the period in which a successful NR reimplantation can be performed [118].

FK506-tacrolimus improved the amount of regenerating posterior NR axons penetrating the
SC and reaching the posterior horn [151].

Acamprosate is a taurine analogue used to prevent relapse in alcoholic patients that acts as
neuroprotective and accelerates axonal regeneration [154, 166].

Ribavirin is a nucleoside antimetabolite antiviral agent that blocks nucleic acid synthesis that
is administered together with acamprosate to encourage axonal regeneration [154].

N-Acetyl cysteine administered intraperitoneally and intrathecally in rats enhances the rate of
MN survival and facilitates regeneration in case of NR reimplantation [155].

Glatiramer is a polymer of L-alanine, L-glutamic acid, L-lysine and L-tyrosine that structurally
resembles the myelin basic protein and that when administered daily reduces the gliosis and
the avulsed MN synaptic stripping [156].

To summarize, in NRA reimplantation GDGF applied directly to the anterior SC—to the point
where the motor rootlets go out—associated with oral riluzole provides the highest rate of MN
survival and axonal regeneration [8]. For the dorsal root, CNTF [87] applied directly to the
section of the posterior SC where the sensory rootlets get in combined with oral N-acetyl
cysteine [155] allows maximal sensory neuron survival. Other agents could be added, such as
oral minocycline [106, 120], tacrolimus [151] or recombinant erythropoietin [118, 165]to reduce
the reactive glial proliferation that impairs the axonal regeneration. ISP should be adminis-
tered subcutaneously to minimize astrocyte inhibition of axonal regeneration [126, 167]. The
data are summarized in Table 1.

Another strategy has been to apply pluripotent cells at the SC avulsion site to improve MN
survival and axonal regeneration. These have been particularly useful in minimizing neuronal
apoptosis. Among them are induced pluripotent stem cells (iPSC) [143], mesenchymal stem
cells (MSCs) [168-170], olfactory ensheathing glial cells (OECs) [85, 171], bone marrow stem
cells (BMC) [172], human fibroblast growth factor 2 (FGG2) [95], neuroectodermal stem cells
(ESC) [143], murine neural crest stem cells (MNCSC) [173], embryonic stem cell-derived neu-
ron precursors (ESCDNP) [173] and neural progenitor cells (NPC) [140, 141, 168, 174]. The
human embryonic stem cells overexpressing human fibroblast growth factor 2 (FGG2) applied
at the injury site improved MN survival and reduced the glial reactivity, thus improving the
regenerating capacities [95]. However, it has unknown effectivity, only shown in animal
experimental studies, and its application in the human being creates ethical issues.

Some researchers have found in vivo that a week time gap between NG harvest and its
subsequent use in nerve repair improves the regenerating capacities [175] by increasing the
number of Schwann cells and macrophages inside the NG [145, 176, 177] as well as by
inducing the local GDNF release [145, 178, 179]. This is another possibility but difficult to use
in clinical practice.
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A word of caution is to be said about the materials used to glue the peripheral NGs to the SC.
Only Tisseel® causes no long-term histological reaction [180, 181], while other preparations
available in the market (BioGlue®, Adherus®) induce local fibrous reaction with SC adherences
and at times neurological sequelae [181]. BioGlue® when applied close or in contact with
nervous tissues can create serious damages [182]. In rats, some researchers have used snake
(Crotalus durissus terrificus) venom-derived fibrin glue and reported excellent results [183, 184].
In clinical practice, fibrin glue from human origin is usually used [15, 30, 33, 45, 185].

On the other hand, conduits can be used to substitute autologous NGs. They have been
extensively tried in peripheral nerve repairs [186, 187], but in NR reimplantation the data
available are more limited [188, 189]. In peripheral nerve repair, these conduits have proved
useful up to distances of 70 mm in length [37, 38, 190]. Certainly, the central-peripheral
nervous tissue interface is a place in which autologous NFs provided by the autologous
NGs play a pivotal role in regeneration of the reimplanted NR [69, 77, 89, 91-93]. Some
researchers have tried nerve conduits enriched with BDNF that have had a good result in a
rabbit experimental model [191]. In human clinical practice, there are currently no published
reports [45, 74].

However, the applicability of all these studies is limited since they were generated with
experimental animal models and with reimplantation immediately following the avulsion.
On top of that, the regenerating capacities of the human nervous system are much less than
that observed in research animals (the rat especially [73]), and the reimplantation of an avulsed
NR has to be delayed weeks or even months until the patient is stabilized from other traumatic
lesions and when an adequate diagnosis and treatment strategy are well defined [111].

4. Surgical technique of human NR reimplantation

Surgical techniques can be useful, particularly in complete BPA and with a delay between the
injury and the surgical repair of no longer than 4 weeks [45]. Some significant problems are
that MN apoptosis is greater as the time goes by [20, 27, 91, 93, 101-103] and that by 4 weeks,
there is a dense scar around the BP as well as the avulsed NRs and in their intervertebral
foramina that hinders any surgical manoeuvres [45, 74].

The surgical approaches described can be summarized into posterior subscapular [192],
lateral [193], anterolateral [194, 195] and single-stage combined anterior (first) and posterior
(second) [33].

4.1. Posterior subscapular approach

With the patient in the prone position, a longitudinal incision is made halfway between the
spine and the scapula [39, 192, 196]. The trapezius muscle is sectioned transversally in the
direction of its fibers. The rhomboid major and minor muscles are also divided following the
direction of their fibers. The T transverse process is identified and removed with the aid of a
drill. A section of the first rib is also removed. A laminectomy and facetectomy are needed to
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access the spinal canal. The dura is opened and the dentate ligaments sectioned to rotate the
SC to reach the implantation site of the ventral roots. As no access to the anterior structures is
possible, another anterior approach to the BP is needed to identify and mobilize it and to pass
the NGs from one surgical field to the other [7]. Depending on the degree of bone removal, a
posterior cervical fusion might be required. This approach only allows access to the avulsed
NRs that lie inside the spinal canal or outside it but very close to the foramina [39]. Only one
case was reported in 1995 [39], which did not spark much interest within the BP surgical
community. Currently this technique is not used for NR reimplantation.

4.2. Lateral approach

This has been well described in the publications of Carlstedt and co-authors [7, 44, 45, 193]. The
patient is placed on the lateral decubitus position with the affected arm at the highest position
and slightly rotated outwards with the hand in supination. The head is supported in a Mayfield
head clamp (Integra LifeSciences, Austin, Texas, USA) and, slightly laterally, bent towards the
healthy side. The idea is not only to allow surgical access to the whole BP but also to the possible
donor sensory nerves (median antebrachial cutaneous and radial sensory nerves). The ipsilateral
lower limb saphenous nerve can also be accessed with ease. The surgical table is placed in a 15%
head-up position to reduce venous bleeding. A skin incision is performed from the mastoid to
the clavicle following the posterior border of the sternocleidomastoid muscle [7, 44, 45],0r by
incising from the sternocleidomastoid muscle-clavicular incision and running parallel to the
clavicle about 2 cm above it in the direction of the C; spinous process [193]. After dissecting the
platysma and sternocleidomastoid muscles, the spinal accessory and cervical plexus nerves are
identified and referenced with loops. Care has to be taken not to damage the spinal accessory
nerve at the junction between the upper and middle-third sternocleidomastoid muscle posterior
border. After careful subcutaneous fat dissection, the transverse processes of the cervical verte-
brae can be felt deep to the sternocleidomastoid muscle with the tip of the finger. The scalene
muscles anterior, middle and posterior as well as the levator scapula muscle are identified. Next,
the transverse cervical artery and vein are isolated and referenced. It is best not to sacrifice them
as they can be used in the future to vascularise a possible gracilis muscle graft [197]. The BP is
fully exposed and the avulsed NRs identified. The avulsed NRs are trimmed until normal-
appearing nervous tissue is seen. Many surgeons remove the dorsal root including its ganglion
[15, 45]. Unless the NR reimplantation is attempted in the first 2 weeks post-avulsion injury, the
BP retracts distally and undergoes fibrotic changes adhering to the nearby structures [1, 26, 33,
198, 199], so the BP has to be completely freed to be able to move it upwards. This maneuver can
be troublesome at times due to dense fibrotic tissue, particularly when surgical reimplantation
has been delayed over 4 weeks [15, 45]. When this is not possible or the BP cannot regain its
former position in contralateral C; NR transfer, some have shortened the humerus shaft by 4 cm
[198]. The alternative is to use long autologous NGs that cover the gap between the SC and the
NR remnants [15, 26, 45, 109].

The C5-T; NR foramina and zygapophyseal joints are approached between the elevator scap-
ula and the middle and posterior scalene muscles. Then the longissimus muscle is split longitu-
dinally to expose the spine. The multifidus muscles are detached from the zygapophyseal joints
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and laminae. The transverse processes and the anterior and posterior tubercles are exposed by
removing all the muscles attaching to them. These bone structures plus a section of the lateral
mass are removed and a C5-C7 hemilaminectomy performed. The removed bone pieces are
saved for later use.

Care must be taken with the vertebral artery, as it does not need to be mobilized. As most of
the lateral mass, the disc and the contralateral facet joints are spared; the procedure usually
does not induce spine instability. The avulsed NRs can be identified by pseudomeningoceles.
The C5-C; foramina are exposed with ease, while the Cg and T; are much more difficult, and
some surgeons refuse to do it to concentrate in repairing only the Cs-C; NRs, even if the lower
ones are also damaged [45]. This is important because no improvement can be expected in
roots that have never been reimplanted and explains one of the reasons why the distal muscles
of the hand are seldom reinnervated [15, 45]. Some researchers have proven in rat experimen-
tal studies that a single reimplanted NR can attract regenerating axonal sprouts from nearby
levels [200].

The dura mater is exposed and opened longitudinally and the dentate ligaments sectioned.
Intraoperative neurophysiological monitoring is recommended particularly on rotating the SC
and when performing the longitudinal myelotomy and inserting the NGs inside it [45].

4.2.1. Ventral root repair

The SC is rotated, pulling from the dentate ligaments to expose its anterior aspect. Serial 2—
3 mm-long stab incisions are done at the same place where the anterior NRs formerly stood.
Peripheral nerve sensory NGs (medial antebrachial cutaneous nerve, superficial radial nerve,
saphenous nerve) are introduced 1 mm inside the SC tissue [201] and secured with Tisseel
fibrin glue (Immuno AG, Vienna, Austria). The distal stumps of these NGs are sutured with
the corresponding avulsed NR remnant. The dura mater is repaired with a dural substitute
and the suture reinforced with fibrin glue to prevent CSF leaks.

Some anatomical studies have found that the best spot where to insert the NGs in the SC is
where the anterior NRs formerly stood and not in the lateral SC side [201]. This latter place is
technically easier and achieves some regeneration by lateral MN axon sprouting, but the
results are inadequate [201]. As the NG implantation inside the SC will cause a further damage
to it [26], suturing the NGs to the SC pial surface in an experimental avulsion model has been
tried, finding that it allows adequate MN survival and axonal regeneration [27]. This ventral
root pial reimplantation is not only less risky but technically easier [26, 33].

4.2.2. Dorsal rootlet repair

This was first reported in 1997 in an experimental rat NRA model [202]. Peripheral NGs were
used to cover the gap between the remaining dorsal NR and the SC. A DREZ longitudinal
myelotomy was performed to insert the NGs 2 mm inside the posterior horn. Some regenera-
tion was seen with peroxidase staining [202]. The addition of olfactory ensheathing cells at the
DREZ in 2003 did not improve the results [171]. In 2004, Tang et al. [188] also in rats used
bioresorbable nerve conduits to repair a 6 mm dorsal NR gap, showing signs of recovery. This
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repair was enhanced by injecting a viral vector inside the DRG [203]. In 2017, Konig et al. [173]
reported the application of murine neural crest stem cells and embryonic stem cell-derived
neuron precursors at the DREZ in an experimental rat cervical dorsal NRA showing differen-
tiation into neurons and their migration, transforming into interneurons and facilitating the
creation of synapsis with the regenerating axons coming from the reimplanted dorsal NR.

In humans, dorsal rootlet repair has been recently attempted by Carlstedt et al. [97]. As they
noticed the extreme difficulty for the growing axons coming from the DRG to cross the glial
scar at the surface of the posterior horn, they sectioned the avulsed NR distal to the DRG and
sutured the peripheral sensory stump to the posterior horn by means of NGs introduced in the
SC through a longitudinal myelotomy. The rationale was to get some sensory recovery from
the growing axons of the posterior horn neurons that are expected to grow distally inside the
implanted NG [99]. As the neuronal bodies of the DRG are removed, the regeneration has to
depend on the neuronal plasticity of neurons coming from the posterior horn that have to
stretch their axons to reach the skin though the NGs and peripheral nerves. The results are
poor [99, 100], but it is the first strategy that has provided some success in humans. This is not
ideal as sensation could be recovered if the dorsal rootlets were replaced by NGs and the tip of
those grafts inserted inside the posterior SC horn through a longitudinal myelotomy while
maintaining the neuronal bodies that lie at the DRG. This technique proved effective in rats
[202], but no attempts in humans have been found in the literature. To improve the results,
CNTF [87] should apply locally to the posterior SC at the DREZ associated with N-acetyl
cysteine [155] orally to allow maximal sensory neuron survival. Oral minocycline [106, 120],
oral tacrolimus [151] or subcutaneous recombinant erythropoietin [118, 165] could be also
administered to reduce the reactive glial proliferation that acts as a barrier against dorsal root
axonal regeneration.

4.2.3. Wound closure

The dura mater is closed with a dural substitute and reinforced with fibrin glue to prevent CSF
leaks. The morcellized bone obtained from the transverse processes and lateral masses
supplemented together with demineralized bone matrix is laid on the cervical spinal column
defect to enhance bone fusion. A lumbar drain is inserted and kept for 5 days to prevent CSF
leaks.

Postoperatively, patients are kept with a sling for 6 weeks before starting any passive move-
ments, to prevent NG dislodgement [45]. Cervical X-rays are taken every 3 months for a year
to detect any possible instability that might require a cervical fusion.

The most important disadvantage of this approach is that it entails extensive muscular dam-
age, particularly at the scalene muscles [33]. The most significant advantage is that the NGs
needed for the repair are the shortest of all the NRA reimplantation approaches [45, 193].

4.3. Anterolateral approach

It is first described by George et al. for the treatment of cervical spinal spondylosis and tumors
[204, 205]. This approach is much more direct but demands a partial multilevel oblique partial
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corpectomy of the affected levels that can be C, to T; when the whole BP is involved. This
involves an extensive anterior cervical fusion, not optimal for younger individuals due to its
possible long-term consequences [206]. The anterolateral approach provides good access to the
BP and ventral NR, but the dorsal NR cannot be reimplanted [195]. This approach has been
reported in research animals—cats [207, 208] —in ten cadavers and four clinical cases [194], but
no long-term clinical results have been reported.

4.4. Single-stage combined anterior (first) and posterior (second) approach

The antecedent of this approach is the two-stage combined approach posterior (first) and
anterior (some days later) [185]. In the first stage, the cervical spinal canal was approached
with the patient prone. A C4~T; laminectomy with medial-third facetectomy was performed
and the SC inspected after longitudinal dural opening. The dentate ligaments were sectioned
and SC rotated and inspected looking for avulsed NR. In case the avulsed NRts were inside the
dura mater, they were reimplanted where they formerly stood. Both ventral and dorsal NRs
were reimplanted. When the NRs were outside the spinal canal, NGs were inserted and
sutured to the SC tissue through small myelotomies and their distal end tunneled through the
paraspinal muscles and placed in the supraclavicular area with two metallic hemoclips to
facilitate their identification in the future. The dura mater was sutured and sealed with fibrin
glue. A posterior mass cervical fusion was performed to prevent postoperative kyphotic
deformities. Some days later the patient was taken back to the operating room and in the
supine position the BP identified and isolated in the supraclavicular region. The NG distal
ends were localized through the hemoclips with X-ray guidance and sutured to the
corresponding BP cords. Apart from the original report [116], no further publications on this
seem to exist.

The single-stage combined anterior (first) and posterior (second) approach was reported by
Amr el al. in 2009 [33]. The patient is placed in the lateral decubitus position and the skin
sterilized front and back of neck and chest as well as the whole affected upper limb and both
lower limbs. Then the patient is rotated backwards and placed supine. In this position a
traditional BP exploration is done through a transverse supraclavicular incision. If needed, a
second incision perpendicular to it can be done following the delto-pectoral groove. This
allows exploration of the infra-clavicular BP, particularly when it has migrated distally. Once
the whole BP is dissected free and the damages evaluated, several peripheral sensory NGs are
obtained from the affected upper limb and both lower limbs. These grafts are sutured to the
cords of the avulsed NR.

Next, the patient is placed again in the lateral position. Through a posterior midline incision
from occiput to Ty, the whole cervical spine is exposed. The spinal muscles are detached from
the spinous process and separated laterally. A laminectomy and partial medial facetectomy
C,~T; are performed on the affected side. The dura is opened through a longitudinal incision
and the dentate ligaments sectioned. The NG that had been previously sutured to the BP cords
in an end-to-side versus end-to-end technique [33, 209] is passed subcutaneously from the
anterior surgical field to the laminectomy area. These NG needs to be long enough to cover the
distance between the SC and the BP. Then the proximal ends of the NGs are sutured subpially
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in a longitudinal fashion, parallel to the side where the ventral roots stood. No SC incisions are
performed. The proximal ends of the NGs are sutured intradurally to C, above and to T;
below. In the only publication that we have found, the dorsal NRs are not repaired [33]. The
dura is closed with interrupted stitches reinforced with fibrin glue. No cervical fusion is
applied.

The advantage of this double approach is that it is more conservative to the muscles. The
disadvantage is that long NGs are needed, making the distance between the motoneuron and
the muscular end plates still larger. To the best of our knowledge, there is only a single
publication attesting the validity of this technique [33]. It is of particular interest that ventral
NR regeneration can be achieved by laying the NGs subpially at the SC without having to
insert them inside the SC tissue through myelotomies [33].

5. Clinical results in human beings

Some clinical studies have reported definitive although limited motor and sensory improve-
ments particularly in the proximal limb areas after NR reimplantation in complete BPAs
[15, 30, 32, 33, 45, 185]. The best motor recovery was seen at the deltoid, pectoralis,
infraspinatus, biceps and triceps muscles [15, 30, 45, 185, 209]. One patient showed signs of
partial recovery of the flexor digitorum superficialis and another of the first dorsal inter-
osseous muscle [45]. A functional recovery of the hand has only been reported in a 9-year-old
child with a complete BPA [29]. Hand intrinsic muscle motor grade 2 recovery was reported
by Amr et al. [33]. The best sensory improvement was patent at dermatomes Cs, C¢ and Ty,
particularly at Cs [33, 45]. One of the reasons by which only proximal muscles show signs of
reinnervation in the work of Kachramanoglou et al. is because only the Cs-C; NRs are
reimplanted as Cg and T; are more technically demanding and they were reluctant to risk
neurological complications on handling the SC at these levels [45]. This could also be the
reason by which Amr et al. [33] report hand intrinsic muscle grade 2 motor recovery, as they
did repair the Cg and T; roots. Another extremely important reason is that when the
regenerating axons reach the distal limb muscles, they are already atrophied and fibrotic
[72, 73]. The Cs and T sensory recovery can in part be due to overlapping sensory covering
from nearby dermatomes (C, for Cs and T, for T;) [32, 45].

6. Conclusions

NRA keeps being in an area in which improvement is desperately needed, particularly in
complete BPAs in which not many alternatives are possible. As clinical results in humans keep
being dismal, further research is needed. The administration of drugs, preferably orally, has to
be pursued to find a combination of them that helps to achieve a successful limb recovery. NR
reimplantation has to be undertaken as soon as the patients’ clinical condition allows it.
Ventral NRt implantation provides better results than its posterior counterparts.
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Abbreviations

BDNF brain-derived neurotrophic factor
BMC bone marrow stem cells

BP brachial plexus

BPA brachial plexus avulsion

CNF ciliary neurotrophic factor
GDNF glial-derived neurotrophic factor
iPSC induced pluripotent stem cells
ISP intracellular sigma peptide
MN motor neuron

MSCs mesenchymal stem cells

NF neurotrophic factor

NGs nerve grafts

NPC neural progenitor cells

NR nerve root

NRA nerve root avulsion

NRts nerve rootlets

NSC neuroectodermal stem cells
OECs olfactory ensheathing glial cells
SC spinal cord
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Abstract

Most infants with brachial plexus birth palsy with signs of recovery in the first 6 weeks of
life will improve spontaneously to have a normal function. However, infants who fail to
recover in the first 3 months of life carry the risk of long-term disability. Panplexopathy and
Horner’s syndrome carry worst prognosis. Plastic neural reconstruction is indicated for the
failure of return of function by 3-6 months. There is no consensus about the ideal timing
of intervention, and subject is still open to debate. With microsurgical reconstruction, there
is improvement in outcome in a high percentage of patients. However, any of these recon-
structions is not strong enough to provide a normal function. Limited shoulder abduc-
tion and external rotation are the main elements of limitations in residual brachial plexus
birth palsy children. Infants with internal contracture can be benefited with Botulinum
toxin injection. Internal rotation contracture release and shoulder-rebalancing surgeries for
residual brachial plexus birth palsy patients in the form of tendon transfers for congruent
glenohumeral joint clearly benefit patients. Patients with noncongruent glenohumeral joint
would need a derotational humeral/glenoid anteversion osteotomy. All the mentioned
procedures will substantially improve but not normalize the function in children.

Keywords: obstetric palsy, natural history, microsurgery, shoulder rebalancing,
bony procedure

1. Introduction

The brachial plexus is a network of peripheral nerves providing innervation to the upper
extremity. Brachial plexus can be injured during labor and delivery [1]. This injury can cause
stretching, rupture or avulsion of some, or all, of the cervical and first thoracic nerve roots.
We prefer the term ‘Brachial plexus birth palsy (BPBP)’ to the more commonly used term
‘obstetrical brachial palsy,” which carries implications of cause.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



82 Treatment of Brachial Plexus Injuries

2. Incidence

Incidence varies from region to region and depends on the obstetrical care available in the
region. The incidence of 0.42 per 1000 live births (1 in 2300) was reported in United Kingdom
and Republic of Ireland [2]. Incidence is estimated to be between 1.6 and 2.6 per 1000 births [3].

3. Etiology

Shoulder dystocia is the most common cause of BPBP. The neck on the side of the anterior
shoulder is stretched, and this stretch injures the brachial plexus on that side, causing a vary-
ing degree of injury. The right side is more affected as the left occipito anterior (LAO) is
the most common presentation during delivery. In one study incorporating 305 infants, the
author reported that 60% of patients were affected on the right side and 37% on the left side
[4]. The incidence of LAO position is almost 90%, and it does not explain a higher occurrence
of the left side involvement, and therefore other mechanisms like intrauterine injury to plexus
is also thought of. In one study, it was observed that almost half the cases they reviewed
had not shoulder dystocia, and authors concluded that it could be caused by intrauterine
maladaptation and not birth trauma [5]. Another hypothesis is that the posterior shoulder can
get stuck on the sacral promontory and cause injury through a stretch while the baby is in
the early stage of labor before shoulder dystocia takes place [5]. There is some electrophysi-
ological evidence to suggest that BPBP could have occurred in the intrauterine period because
denervation potentials are seen in EMG performed on day 1 after delivery. This is not possible
if it has occurred at the moment of delivery [6]. Interestingly, BPBP is also seen following
cesarean sections [7]. Bicornuate uterus is thought to cause BPBP with phrenic palsy [8].

Macrosomia has been defined as birth weight greater than 4000-4500 g. The Royal College of
Obstetricians and Gynecologists reported that BPBP is a major complication associated with
macrosomia [9].

Two strategies are attempted to reduce the incidence of BPBP. The first is to consider for cesar-
ean section when fetus is macrosomic and the second is to train obstetricians regarding the effec-
tive management of shoulder dystocia. A study to compare the incidence of BPBP from 1994 to
1998 and from 2004 to 2008 did not observe significant differences in the incidence [10], although
the cesarean section rate had increased from 10.7 to 18.4%. The authors of this study concluded
that despite training in the management of shoulder dystocia and a rising institutional cesarean
section rate, the incidence of BPBP has remained unchanged compared with 10 years earlier.

4. Natural history

Most cases of OBPI are transient and have full recovery spontaneously. However, 10 [11]-27%
[12] of children have incomplete recovery. They have lifelong functional impairment due to
muscle weakness, muscle imbalance, muscle contracture, bone and joint deformities.
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A cohort of 70 participants (age range 7-20 years) with different severity was assessed.
Functional difference between the age of 5 years and follow-up (2-15 years) was noticed.
While active shoulder and hand function remained unchanged or improved, there was a mar-
ginal reduction noted in elbow function [13].

5. Early management

5.1. Immobilization

The absolute immobilization of extremity is not advised except the child has associated clavicle
or humerus fracture. Limb can be immobilized in a simple sling or a Velpeau sling for extremity
fracture for a period of 2 weeks. Few mothers like to apply a pin between forearm sleeve and
shirt to prevent the flaccid limb to fall on a side or get compressed while feeding the baby.

5.2. Passive range of motion exercises

Passive range of motion exercises should be started immediately to prevent the development
of contractures at shoulder, elbow and wrist while waiting for brachial plexus to recover. Birch
et al. suggested to carry out exercises frequently in a day, preferably before every meal [14].

5.3. Splinting

Eng et al. reported using a wrist/hand cock-up splint with thumb in opposition in patients who
were developing early contractures despite regular physiotherapy [2, 15]. Shoulder external rota-
tion splint (airplane splint) can be used to prevent internal rotation contracture at the shoulder.

5.4. Electrical stimulation

Though electrical stimulation is commonly used in practice, its efficacy is not proved.

6. Follow-up examination of newborn with BPBP

A regular monthly follow-up of patients with BPBP is recommended for various reasons in
the first 3 months of life. It helps in identifying the morphologic type of injury, adaptation to
different therapy protocols based on the recovery, making decision about the timing of plastic
neural reconstruction of plexus and to identify and address internal rotation contractures
early in its course. Neuropraxic injury recovers fully by the second month and parents can
be reassured. A flaccid limb with Horner’s syndrome at 3 months mounts to an indication
for plastic neural reconstruction [3, 16]. Waters et al. found that children with absent biceps
function at 3 months had incomplete recovery [4, 17]. Children with recovering palsy after
3 months can be followed up every two monthly. The main purpose of these visits is to see the
further development of power in muscle and to identify the development of early contracture
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in shoulder internal contracture. Botulinum toxin injections can be considered for patients
developing progressive internal rotation contracture [5, 18]. The failure to bring a cookie to
the mouth without bending torso more than 45° (Cookie test) at 9 months mounts to an indi-
cation for plexus exploration and reconstruction [6, 19].

7. Investigations

7.1. Neurophysiologic investigations
7.1.1. Electromyography

The role of electromyography (EMG) in BPBP is doubtful as it frequently gives optimistic results in
a severe nonresolving clinical picture. One explanation for this is the reflex-activated contraction
of muscles in young children. Another explanation for this discrepancy is ‘Luxury Innervation’ of
muscles. Until the age of 3 months, children may have polyneuronal innervation, which may give
positive EMG findings in the absence of adequate nerve regeneration [7, 8, 20, 21].

7.1.2. Nerve action potentials

Although the isolated use of EMG has limitations in BPBP, according to few investigators,
combining it with nerve action potentials (NAPs) may help in determining the nature and
level of lesion. In selected cases, the authors have reported their ability to even differentiate
axonotmesis from neurotmesis [9, 10, 14, 22].

7.2. Radiologic imaging
7.2.1. X-ray

Imaging of shoulder and upper limb can be used to diagnose the birth trauma. Chest X-ray
can also give evidence of hemi diaphragm paralysis associated with C4 or phrenic nerve
palsy. The diaphragm routinely lies relatively higher by two ribs level on the right side owing
to liver, but in hemidiaphragm paralysis, it lies at the level of the fifth or the sixth rib.

7.2.2. Ultrasonography

Dynamic ultrasonography (USG) can help in the diagnosis of hemi diaphragm paralysis.
Vathana et al. found good interobserver and intraobserver reliability in diagnosing gleno-
humeral deformity by ultrasound [11, 23]. Donohue et al. found measurements of glenohu-
meral deformity by USG reliable, but there was poor agreement between USG and magnetic
resonance imaging (MRI) for diagnosing it. They questioned the use of USG as a standalone
investigation for this purpose [12, 24].

7.2.3. Computed tomography scan and magnetic resonance imaging

Computed tomography (CT) myelography was considered better modality than MRI to diag-
nose root avulsions before a decade. Root avulsions were diagnosed based on contrast-filled
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meningoceles and by following the course of anterior and posterior roots from spinal cord to
the respective exit foramen. But it has the disadvantage of radiation, the need of intrathecal
contrast injection and the inability to reliably diagnose extra-foraminal injuries. These issues
have made MRI the modality of choice for imaging brachial plexus [13, 25].

Different MRI sequences can give excellent imaging of intra-spinal as well as extra-spinal imaging
of plexus. MRI can also give a clue about nerve edema, scarring and neuroma formation [14, 26].

Waters et al. reported an MRI axial image-based classification of glenohumeral deformity. It
reliably measured the amount of glenoid retroversion and the percentage of humeral head
anterior to mid-scapular line [15, 27]. Correlation was found between clinical parameters and
MRI findings [16, 28]. The decision about surgical intervention is made on the defined congru-
ency of glenohumeral joint on axial MRI imaging recently.

Van der Sluijis et al. found humeral head retroversion in children with BPBP after performing
simultaneous axial imaging of shoulder and distal humerus [16, 28]. However, Pear] et al.
recently reported that the retroversion of humeral head on the affected side is usually less
compared to the normal side and discussed its merits in surgical planning [17, 29].

8. Plastic neural reconstruction

8.1. Nerve repair
8.1.1. Basis of nerve repair

Gilbert and Tassin were the first to report the comparison of conservative and surgical treat-
ment of brachial plexus birth palsy infants in 1984 [30]. Both the groups with a similar clini-
cal neurologic examination were compared. Sixty-three (63%) patients achieved Mallet IV
shoulder function in surgical group while maximum Mallet III recovery was seen in patients
with spontaneous recovery. About 27% of conservatively managed infants who showed full
spontaneous recovery had gained biceps strength of MRC grade 3 by 2 months of age. End-
stage improvement was incomplete in children whose biceps recovery was delayed beyond
3 months. This chapter recommended surgical intervention at 3 months, if biceps muscle has
not recovered by then.

Capek et al. [31] compared the outcome of graft repair (26 patients) versus neurolysis (16 patients)
of conducting neuromas. End results were found to be more promising in nerve repair group.

In patients with global injury, achieving hand function is crucial. Pondaag and Melessy have
shown improved hand function after lower trunk reconstruction in about 70% of patient [32].
Gilbert and colleagues suggested that unlike adults, infants with brachial plexopathy may
have the potential to regain hand function after nerve reconstructions.

8.1.2. Decision about nerve repair and its timing

It is imperative to differentiate avulsion injuries from ruptures to make microsurgical rec-
ommendations. Microsurgery is advised before 3 months of age in avulsion injuries, as
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spontaneous recovery cannot be expected. Ruptures can recover at different degrees, and
there exists debate about the ideal indication and the time of surgery.

Gilbert and Tassin [30] considered the absence of return of biceps function by 3 months as
an indication for microsurgery. Poorer global shoulder function was reported at 5 years and
was associated with the further need of secondary surgeries in patients who regained biceps
after 3 months. Although other researchers have followed more conservative guidelines, they
have found that absent elbow flexion alone at 3 months can overestimate the poor final recov-
ery and can lead to unneeded plexus exploration [17, 22]. They also documented that those
patients who achieved biceps recovery between 4 and 6 months of age gained good global
shoulder function with secondary interventions [34].

Clarke and Curtis routinely used return of biceps function at 9 months of age to determine
microsurgical intervention [19, 33]. The child’s ability to bring a cookie (the ‘cookie test’) to
his or her mouth without bending the torso forward to more than 45° is a defining factor
guiding treatment. Chuang et al. reported poor results of hand function while microsurgery
was performed after infancy [35].

8.1.3. Technique of nerve repair

The spectrum of nerve surgery historically includes neurolysis, neuroma resection, and nerve
grafting. Nerve transfers [36] and nerve conduits have led to an expansion of procedures
available for nerve reconstruction. Neurolysis alone is no longer indicated in BPBP. Although
few authors have reported good outcome in younger patients, direct repair of nerve endings
is seldom performed after neuroma excision [37]. Nerve grafts replace the injured nerve tissue
and connect the proximal and distal viable nerve endings. A number of donor grafts from the
ipsilateral limb have been used; however, autologous sural nerve grafts are most commonly
used [38]. Excision of neuroma with primary nerve grafting is the accepted management of
nerve ruptures.

8.1.4. Outcomes of nerve repair

Clarke et al. demonstrated [39] that early improvements in neurolysis group did not sustain
for a longer period of time. Patients who underwent nerve repair show significant improve-
ment in Active Movement Scale scores at 4 years of follow-up. Erb’s palsy grafting patients
had improved function in seven movements, while the total palsy-grafted patients demon-
strated better function in 11 of 15 movements.

Gilbert et al. have demonstrated promising long-term results in patients who have undergone
nerve repair [40]. At 4 years of follow-up, 80% children with C5 C6 lesions showed good or
excellent shoulder function, whereas it was 61% for children with C5-C7 lesions. Eighty-one
percent of patients were graded good or excellent elbow functions at 8 years of follow-up.

After complete paralysis, the results of hand functions were quite encouraging. Although at
2 years, only 35% of children have a useful hand, after 8 years and several tendon transfers, 76%
of children have a useful hand. This reflected that even lower-root avulsion should be repaired.
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Birch et al. [14] published the results of nerve repair in 100 infants at mean postoperative
follow-up of 85 months (30-152). They utilized Gilbert score, Mallet score and Raimondi score
as outcome measures. Good results were obtained in 33% of repairs of C5, in 55% of C6, in
24% of C7 and in 57% of operations on C8 and T1. They suggested the utility of preoperative
electrodiagnosis and intraoperative somatosensory-evoked potentials to detect occult intra-
dural (pre-ganglionic) injury. Results of hand function were largely reassuring after complete
paralysis. In spite of only 35% of children having a useful hand at 2 years, 76% of children
enjoyed a useful hand after 8 years of follow-up and along with several tendon transfers. These
results revealed the importance of repairing lower-root avulsions. Birch et al. summarized
their results of nerve repairs in 100 infants after a mean follow-up of 85 months (30-152) by
utilizing Gilbert score, Mallet score and Raimondi score as outcome measures. They obtained
good results in 33% of C5 repairs, 55% of C6 repairs, 24% of C7 repairs and 57% of C8 and T1
repairs. They also recommended the use of preoperative electrodiagnosis and intraoperative
somatosensory-evoked potentials in identifying occult intradural (pre-ganglionic) injury.

8.2. Nerve transfers
8.2.1. Basis of nerve transfers

When nerve root is avulsed from spinal cord, nerve repair is not possible. In such a case, nerve
transfer connects extra brachial plexus or intraplexus functioning nerve to the nerve whose func-
tion is desired. Nerve transfer has an advantage that it permits faster reinnervation of muscle.

Various extraplexus sources like distal branch of spinal accessory nerve (SAN), intercostal
nerves, hypoglossal nerve, cervical plexus, phrenic nerve and contralateral C7 root can be used
for nerve transfer. In case of injury affecting C5-6 nerve roots, a fascicle from median, ulnar
nerve, medial pectoral or thoracodorsal nerve can be used as donor for nerve transfer. These
intraplexus nerves receive contribution predominantly from C8 and T1 roots. In global lesions,
local transfers are unavailable so extraplexus nerves like intercostal nerve transfers are preferred.

The commonly used nerve transfers target to improve shoulder external rotation, abduction,
elbow flexion, elbow extension and sensory function of the hand.

8.2.2. Transfer to augment external rotation of shoulder

External rotation is primarily carried out by infraspinatus muscle that is supplied by supra-
scapular nerve (SSN). SSN can be neurotized with SAN which can be considered an alluring
extraplexal option for reviving shoulder function as it is a pure motor donor and it remains
next to suprascapular nerve.

The outcomes of SAN to SSN have been published in multiple series. Nevertheless, different
scoring systems were used in different papers for evaluating shoulder function; all of them
implied improved shoulder functions. Only 14% of patients achieved more than 20° of active
external rotation. Functional outcomes were measured by the Mallet hand to mouth and hand
to neck scores. Ninety percent could reach the mouth (Mallet grade 3 or higher) and that 72%
could reach the head (Mallet grade 3 or higher). These data suggest that even though there
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is not much improvement in external rotation, there is improvement in shoulder function.
Pondaag et al. [41] determined active external rotation and functional outcome score post
SAN to SSN transfers in a series of 21 patients.

Grossman [42] reported result in 26 infants who underwent SAN to SSN transfer using a nerve
graft, as part of the repair of a brachial plexus birth injury. At a minimum follow-up of 2.5 years,
all children had shoulder function of grade 4 or better using a modified Gilbert scale.

In another study, 54 children without return of active shoulder external rotation underwent
transfer of SAN to SSN. Thirty-nine of 54 patients achieved more than 20° of active external
rotation by 4 months postoperatively [25].

Terzis and Kostas [43] carried out SAN to SSN transfer in 25 children with brachial plexus birth
injury. They observed improvement in abduction and external rotation component of Mallet score.

Schaakxs et al. [44] studied the results of SAN to SSN in 65 patients, the age ranging between 5
and 35 months (average 19 months) and the mean postoperative observation period of 2.5 years.
They assessed their results by evaluating the recovery of passive and active external rotation
with the arm in abduction and in adduction. Results were better for the external rotation with
the arm in abduction compared to adduction. In 71.5% of patients, they observed active external
rotation between 60 and 90°. The influence of nerve transfer on glenohumeral joint dysplasia
was also assessed, and this operation has a positive influence on the glenohumeral joint.

Ruchelsman [45] reported their result of the SAN to SSN in 25 infants with brachial plexus
birth injuries as part of the primary surgical reconstruction. At minimum follow-up of
24 months, the mean active external rotation was 69.6°; the mean Gilbert score was 4.1 and the
mean Miami score was 7.1. These results suggest good shoulder functional outcomes.

What is the effect of age on the result? It is likely that as the denervation time increases,
muscle atrophy also increases. Therefore, the delay may have negative impact on the result.
Three papers analyzed this point and provided contradictory suggestions [25, 43, 45].

Satisfactory passive external rotation at shoulder is mandatory for SAN to SSN transfer. Any
internal rotation contracture should be rectified surgically prior to this transfer.

8.2.3. Nerve transfer for shoulder abduction

The nerve supplying one of the heads of triceps can be transferred to the axillary nerve to
improve shoulder abduction. SAN to SSN transfer aids in attaining infraspinatus and supra-
spinatus function. Since isolated supraspinatus is a weak abductor, deltoid activity is also
required for good abduction. Neurotization of axillary nerve can help in attaining deltoid
function. Each of the three heads of triceps is innervated separately by a radial nerve.

Axillary nerve passes through the quadrangular space above the teres major while the radial
nerve passes through the triangular space below the teres minor. Both these nerves are in
close proximity, so anastomosis is possible without nerve graft.

In a small case series of five patients, McRae reported the results of this procedure in two
BPBP cases [46]. Shoulder abduction was preoperatively rated at 2 and 3 by AMS. In addition
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to innervations of axillary nerve, one case had SAN to SSN transfer and the other had decom-
pression of SSN. Post SAN to SSN transfer, the respective scores were 5 and 6, illustrating
antigravity shoulder abduction.

8.2.4. Nerve transfer for elbow flexion

Currently, dual transfer to innervate both biceps and brachialis is preferred for better elbow
flexion strength [47]. Elbow flexion is a crucial upper limb function which can be obtained by
nerve transfers to brachialis or biceps or both the muscles.

In C5-6 or C5-6-7 palsy, elbow flexion is affected; however, ulnar nerve function is normal.
For such case, Oberlin transfer can be of great help for the recovery of the biceps. A fascicle
of the ulnar nerve supplying the flexor carpi ulnaris muscle is cut and sutured end to end
to the biceps nerve in the upper arm. Oberlin et al. [48] described this transfer in adults and
Al-Qattan [49] described it for the first time for obstetric palsy in 2002.

Noaman et al. [50] reported this transfer in seven children with obstetric brachial plexus palsy.
Two motor fascicles out of the ulnar nerve were transferred to the nerve to biceps. The average
age at the time of operation was 16 months (range 11-24 months). The average follow-up was
19 months (range 13-30 months). Five children had biceps muscle > or = M (3) with active
elbow flexion against gravity, and two children had biceps muscle <M (3).

Siqueira et al. [51] performed Oberlin’s procedure in 17 infants with brachial plexus birth
palsy. The mean age at the time of surgery was 12.9 months (range 4-26 months). The mini-
mum follow-up was of 19 months. The strength of elbow flexion was measured by modified
British Medical Research Council scale. Three children obtained grade 3, and 11 children had
grade 4 elbow flexion power. Hand function did not deteriorate due to transfer.

Alternatively, biceps can be innervated through a fascicle of median nerve. Al-Qattan in 2014
reported their results of 10 cases of obstetric brachial plexus palsy in which median nerve to
biceps nerve transfer was used [52].

Age at the time of presentation ranged from 13 to 19 months. There were seven cases of C 5-6
palsy and three cases of C5-6-7 palsy. The preoperative AMS of elbow flexion ranged from
0 to 2. At the final follow-up (1-2 years after surgery), all seven C5-6 palsy cases obtained a
score of 7 out of 7 for elbow flexion. Two cases with C5-6-7 palsy had a score of 6 and 7.

8.2.5. Transfer for elbow flexion and supination

To innervate both biceps and brachialis muscles, one fascicle of both ulnar and median nerve
are taken.

In a recently published paper, authors used a combined transfer in five patients and a single
transfer by median or ulnar nerve fascicle in 26 patients [47]. The outcome measures were
postoperative elbow flexion and supination measured with the Active Movement Scale
(AMS). The mean age at surgery was 8.4 months (range 3-20 months). Patients were followed
up for at least 18 months postoperatively or till they achieved full recovery of elbow flexion.
Combined nerve transfer patients resulted in elbow flexion of AMS =7 and supination of
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AMS > 5. Single-fascicle transfer resulted in elbow flexion of AMS > 6 and supination of AMS
grades 2-5. Thus, the combined transfer achieved better function.

8.2.6. Nerve transfer for elbow extension

To restore elbow extension, one possible solution is to reinnervate motor branches of radial
nerve to the triceps muscle. Depending on the severity and extent of brachial plexus lesion,
the radial nerve can be neurotized by means of intercostal nerves when the palsy involves the
whole brachial plexus (thus, inferior roots are damaged), while in upper two or three radicular
palsy, the use of fascicles of the ulnar nerve (modified Oberlin’s procedure) is advisable [53].

8.2.7. Extraplexus transfer

One or two branches to the pectoralis major can be taken for the transfer so that some pec-
toralis major supply can be preserved and a direct repair without intervening graft can be
performed to the MCN [54] or nerve to biceps [55], in the distal axilla. Intercostal nerves are
an extraplexus source. They can be cut 1 cm distal to the mammary line and their stumps can
be coapted directly to the MCN in the axilla.

9. Soft-tissue surgeries

Children with residual brachial plexus birth palsy frequently end up with incomplete sponta-
neous recovery of shoulder abduction and external rotation strength. It leads to the develop-
ment of contracture of shoulder internal rotators. Progressive reduction in passive shoulder
external rotation with the arm adducted is the key examination point. Studies show that the
reduction of passive external rotation below neutral is associated with glenoid retroversion
and humeral head posterior subluxation. Further increase in internal rotation contracture
leads to flattening of humeral head and formation of biconvex glenoid, which is termed as
‘false glenoid’. The aim of shoulder balancing treatment is to prevent this structural change
in glenohumeral joint. Soft-tissue release to correct internal rotation contracture and tendon
transfer surgeries to balance shoulder joint are possible when glenohumeral joint is congruent
(Waters I-1III). Once it turns non-congruent (Waters IV and V), bony procedures are offered to
redirect the extremity in functional position.

9.1. Role of Botulinum toxin-A (BTX-A)

Injection of BTX-A in shoulder internal rotators temporarily denervates them while the neu-
ronal recovery is evolving in shoulder abductors and external rotators. It is postulated that
the temporary relaxation of internal rotators will help in keeping the subluxating humeral
head reduced with adjunctive treatments like physiotherapy and splinting [56]. Botulinum
toxin injection has also been used to treat biceps-triceps co-contraction in children with recov-
ered palsy. Authors reported successful treatment in six patients for 18 months, where they
required to inject triceps muscle twice or thrice [16, 20, 57].
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9.2. Role of soft-tissue release

Subscapularis is considered as the main element responsible for shoulder internal rotation
contracture. Different methods of subscapularis lengthening are described in various studies
with their positive and negative aspects. Gilbert reported that isolated subscapularis length-
ening was enough to balance the shoulder joint in about 50% patients in their study [21, 58].
Thus, he recommended performing tendon transfer surgery in the second stage if required.

9.2.1. Open subscapularis slide from the lateral border of scapula

Subscapularis slide was introduced by Caroliz and Brahimi [58]. It involves an incision along
the lateral border of scapula, approaching scapular ridge through the interval between Teres
major and Teres minor. Recurrence rate was 50-70% when it was done in isolation [21, 22,
58-60]. Grossman et al. reported no recurrence when it was coupled with tendon transfer
surgery [23]. Reports of ischemic necrosis of subscapularis after lateral slide pose question
of safety of artery to subscapularis owing to its vicinity to the entry point for release [24, 61].

9.2.2. Minimally invasive subscapularis release

Since 2013, we have started performing subscapularis slide from the medial border of scapula
through a centimeter incision placed at the junction of the upper one-third and lower two-
thirds. The arm is internally rotated and the shoulder is pressed backward to make the medial
border of scapula prominent (Figure 1). Artery forceps are advanced to make a plane between
rhomboids (Figure 2). A small periosteal elevator is introduced in the submuscular and extra
periosteal space, and subscapularis slide is done in a clockwise fashion (Figure 3). A larger
periosteal elevator is then introduced to release stronger muscle attachments at supero-medial
and inferior angle of scapula. The arm is externally rotated to achieve 90° external rotation
(Figure 4). Conventional conjoined tendon transfer surgery was performed after minimally
invasive subscapularis release (MISR). Thirty-five patients with congruent glenohumeral joint
constructed the study group and were followed up for a minimum of 18 months. Improvements

Figure 1. The arm is internally rotated to make the medial border of scapula prominent.
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Figure 2. Rhomboids and trapezius are bluntly dissected with artery forceps.

Figure 3. Periosteal elevator is inserted through the wound.

Figure 4. Shoulder is externally rotated to 90°.
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in Modified Mallet scores and axial MRI parameters were comparable to the open subscapu-
laris lengthening from insertion and arthroscopic release of subscapularis. MISR was found to
have the advantage of minimal learning curve, no need of arthroscopic setup, lengthening of
the muscle without weakening it and the safety of the procedure [25, 62].

9.2.3. Subscapularis lengthening from insertion

Partial lengthening or z-plasty of subscapularis through anterior incision has been described.
Van der Juis reported that excessive release of muscle from insertion leads to external rota-
tion contracture and anterior shoulder instability. A subset of patients in their series required
secondary internal rotation osteotomy [26, 63].

9.2.4. Arthroscopic subscapularis and soft-tissue release

Pearl et al. reported results of arthroscopic soft-tissue release with the help of a 2.7-mm arthro-
scope [64]. Children younger than 4 years received the release of tendinous part of subscapu-
laris and capsulo-ligamentous structures, while the older children also had lattissimus dorsi
transfer. Four of the 19 patients who received only soft-tissue release required tendon transfer
surgery later. Three out of these four children had pseudoglenoid on preoperative imaging.
The major issue related to arthroscopic release was the loss of internal rotation range [27].

9.3. Tendon transfer surgery to improve external rotation

L’Episcopo primarily reported muscle transfers for residual brachial plexus palsy patients
in 1934 [28]. It was sub-sequentially altered by Hoffer [65]. Latissimus dorsi and teres major
transfer to rotator cuff along with the release of pectoralis major has demonstrated enhanced
active external rotation of 45° and abduction of 64° at 2-8 years of follow-up [66].

Waters et al. reported halting of glenohumeral deformity from progression after these trans-
fers with extraarticular soft-tissue release [67]. Greenhill et al. compared a combined con-
joined tendon transfer to isolated Teres major transfer. They found similar improvements in
external rotation in both transfers but the incidence of limited midline function was found
more in combined transfers. They recommended isolated Teres major transfer where preop-
erative midline function was in question [68].

9.4. Tendon transfer surgery to improve shoulder abduction

Cheung et al. proposed the theory of co-contraction between agonist and antagonist muscles
while they are recovering, leading to the restriction of particular movement across the shoul-
der joint. They advocated lateral trans-positioning of clavicular part of pectoralis major along
with Teres major transfer to infraspinatus. The authors reported the average gain in abduction
of 77° in their cohort [69, 70]. Improvement in abduction has been reported in patients where
conjoined teres major and lattissimus dorsi tendons were transferred to infraspinatus without
pectoralis major trans-positioning [31].
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10. Bony procedures

10.1. Humeral rotational osteotomy

Many late presenting cases may have developed glenohumeral dysplasia at the time of pre-
sentation. For such situations, humeral derotation osteotomy is one option to improve the
function. Humeral derotation osteotomy does not improve the range of motion (ROM) of
glenohumeral motion but reorients the arc of shoulder rotation into a more functional range
which improves the function.

10.1.1. Indications of humerus osteotomy

Moderate-to-severe glenohumeral deformity (Waters Grades III-V) has restricted external
rotation and abduction.

10.1.2. Surgical technique

Through a delto-pectoral approach, proximal humerus is exposed. Osteotomy is carried out
just proximal to the insertion of deltoid. Distal fragment is rotated externally and is held
firmly by the bone holding forceps. Before final fixation, it is confirmed that the hand can be
easily placed to the mouth, occiput, perineum and midline in an effort to avoid overcorrec-
tion. This important step prevents overcorrection as well as under-correction.

10.1.3. Results

Kirkos and Papadopoulos [71] reported the results for 22 patients who underwent humerus
derotation osteotomy. The authors have shown improvement in shoulder abduction of 27° and
external rotation of 25° at a mean follow-up of 14 years (ranges from 2 to 31 years). An increase
in forearm supination was also noted following improvement in shoulder external rotation.

Al-Qattan [72] also reported the results in a series of 15 children. At an average follow-up of
3 years, the patients demonstrated improvement in the mean modified Mallet score for hand-
to-neck motion. It increased from 2.2 to 4 points.

Waters and Bae [73] used this operation in 28 patients. Osteotomy was fixed stably with inter-
nal fixation. All patients demonstrated improvements in shoulder function postoperatively,
as evidenced by improved aggregate Mallet scores. The mean aggregate Mallet classification
score improved from 13 points preoperatively to 18 points postoperatively.

10.2. Glenoid anteversion osteotomy

Hopyan and colleagues combined glenoid neck osteotomy with soft-tissue rebalancing sur-
geries [74]. The purpose of their study was to see whether glenoid reorientation converts a
shoulder joint from one where tendon transfer and soft-tissue release cannot restore the active
motion to the one where it can. They found improved Mallet scores for global external rota-
tion and hand-to-neck movements. Waters schema was found improved from average of 4.3
preoperatively to 1.6 postoperatively. This novel technique was proposed as an alternative to
humeral derotation osteotomy.
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11. Conclusion

Results of BPBP have improved substantially by various advances that have taken place in
the last four decades. We can achieve functional improvement in a majority of cases, but still
most cases do not achieve a full functional recovery. Improvement in the surgical technique
will lead to better outcome. On the other hand, efforts to prevent this condition will also yield
greater benefit.
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Abstract

Brachial plexus injuries are commonly followed by chronic pain, mostly with neuropathic
characteristics. This is due to peripheral nerve lesions, particularly nerve root avulsions,
as well as upper limb amputations, and complex regional pain syndrome (CRPS). The
differential diagnosis between CRPS and neuropathic pain is essential as the treatment is
different for each of them. Medical treatments are the first step, but for refractory cases
there are two main types of surgical alternatives: ablative techniques and neuromodula-
tion. The first group involves destruction of the posterior horn deafferented neurons and
usually provides a better pain control but has a 10% complication rate. The second group
provides pain control with function preservation but with limited effectiveness. Each
case has to be thoroughly evaluated to apply the treatment modality best suited for it.

Keywords: brachial plexus injury, brachial plexus avulsion, chronic pain, neuropathic
pain, deafferentation pain, phantom pain, pulsed radiofrequency, peripheral nerve
stimulation, neuromodulation, DREZ-otomy

1. Introduction

Brachial plexus injuries are associated not only with motor and sensory functional impair-
ment [1] but also with chronic pain in the affected upper limb [2-7]. Most of these injuries
are due to motor vehicle accidents, particularly motorbikes [1, 5], but a few of them can occur
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due to iatrogenia [8-16], particularly during lymph node biopsy [17, 18] or treatment of some
malignancies [19].

The pain is chronic [20], persistent [7], constant [21], burning [22] and throbbing [17], with par-
oxysmal discharges [3, 6, 23], particularly upon gentle rubbing the affected area [4].

The pain is distributed in the distal areas of the upper limb, covering several dermatomes,
mostly the caudal ones [24] and particularly the hand [5, 17, 23, 25]. The paroxysmal pain is
felt in the arm [26]. Allodynia, hypersensitivity and electric-like discharges are present at the
border between the normal and affected dermatomes [17, 26-29], particularly between T, and
T, at the posterior aspect of the elbow [26].

The pain severity correlates with the magnitude of the brachial plexus injury [2, 3] and to the
number of avulsed nerve roots [2-4, 21, 26, 30-33], particularly when the lower roots are
affected [24, 34, 35]. Nevertheless, Bertelli et al. [21] found that in isolated C8 and T, nerve root
avulsions, there was no pain at all.

The pain does not appear immediately after the injury but a few days later [24] and no longer
than 3 months after it [5, 6, 24, 26, 35, 36].

The neuropathic pain can be associated with phantom [37] or stump pain [38] in case of upper
limb amputation, or to complex regional pain syndrome (CRPS) [6], inducing a complex pain
condition rather difficult to control [19, 30, 31].

Self-mutilation has been described in 5-29% of obstetric brachial plexus injury cases [39, 40].

The quality of life is seriously impaired with sleep disorders, family troubles, unemployment,
chronic depression and social withdrawal [2, 5, 6, 17, 21, 41-44]. Additionally, the chronic pain
is a further hindrance to comply with a good rehabilitation programme, impairing a possible
functional recovery [6, 45, 46]. Among all the disabilities induced by the brachial plexus injury,
the pain has been found to be the symptom that most negatively affects the quality of life [47].

Treatment of this chronic pain can be troublesome, as the response to the different treatment modal-
ities is poor and not all of them allow preservation of the remaining upper limb function [2, 5, 48].

2. Incidence

Although 50-82.7% of brachial plexus injuries suffer from chronic pain [2, 3, 5, 6, 17, 35,
49-51], it is severe in 41% of them [32]. The incidence and severity are higher in nerve root
avulsions [2—4, 7, 21, 30, 33], especially when all the roots are avulsed [2, 17, 21]. Overtime
there is a spontaneous progressive improvement, so just after the injury 90% of patients suffer
from pain but affects only 30% of them 3 years later [35, 36, 49].

Predisposing factors: the strongest is alcohol abuse [17], but smoking [6, 17], other coexistent
pain conditions [6], like psychiatric co-morbidities [6, 17], using a sling [5] and the marital
status (both married or divorced versus being single) also increase the pain incidence [5]. A
longer time using a sling increases the chance of chronic pain because limb movement restric-
tion has a negative impact on recovery [5].
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Brachial plexus injuries may also be accompanied by partial or complete traumatic upper
limb amputation. About 50-85% of these amputees will suffer from chronic pain [52, 53] par-
ticularly in more proximal amputations [53]. This pain usually starts 1 month postamputation
[53], and in 54-87% of them, it is followed by phantom limb pain [37, 53, 54]. This kind of pain
is felt also in extensive nerve root avulsions, particularly when all of them are affected [55].

CRPS is present in 21% of brachial plexus injuries [6], and once it starts it is usually lifelong
unless treated [35].

3. Pathophysiology

The neuropathic pain is induced by an injury to the somatosensory pathways [56, 57] like a
brachial plexus injury, an upper limb amputation or both of them simultaneously [2, 7, 58].

The peripheral nerve injury induces deafferentation [2] and damage to the C nerve fibres [59].
The dorsal horn neurons devoid of their peripheral sensorial input start to fire spontaneously
and erratically [60-64], stimulating pain sensation in the higher central nervous system levels
[65, 66]. In experimental studies it has been found that the spinal cord microglia and astro-
cytes are activated at the injury site [67] and help to maintain the neuropathic pain [68-72].
Higher levels like the thalamus and the motor cortex also undergo the same process by which
deafferented neurons create new synapses and reorganize and start firing in abnormal pat-
terns [7, 73-77]. Descending pathways modulate the neuropathic pain [78] creating new cir-
cuits that induce and maintain it [79-81]. The brain and spinal cord neuronal reorganization
leads to an increased sensitivity to otherwise normal stimuli, lowering the threshold required
to feel the sensation as pain and inducing secondary hyperalgesia and allodynia [4, 82]. It also
explains why the pain often extends beyond the denervated area [26, 33] and why it manifests
at the border areas between the partially denervated and normal dermatomes [17, 27].

As mentioned above the pain seen after brachial plexus injury has two distinct patterns: par-
oxysmal and continuous. The first one is thought to originate from the deafferented posterior
spinal horn neurons [60, 83], while the second one comes from the thalamus [74, 84]. In the
phantom limb pain, the brain cortex undergoes a functional reorganization in response to the
chronic pain [40, 85, 86].

Some have suggested that the neuropathic pain after brachial plexus avulsion is generated
not by the avulsed nerve roots but by the remaining ones [67] that are also injured, although
not so severely [34]. Although this might be true in some cases, it does not explain why the
neuropathic pain severity is maximal when all nerve roots are avulsed [2, 17, 21, 55].

4. Medical treatment

This kind of pain, particularly in case of nerve root avulsions, is difficult to treat due to par-
tial responses and frequent relapses [5, 6, 17]. The response to pharmacological treatments
decreases when the pain intensity increases [6].
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The non-steroidal anti-inflammatory drugs (NSAIDs) are of little help in the chronic phase
[17, 30].

The first step is tricyclic antidepressants (TCAs) or serotonin and noradrenaline reuptake inhibitors
[6, 57, 87]. Among TCAs, amitriptyline (25-125 mg/day) and venlafaxine (150-225 mg/day) are
the most commonly used [6, 57]. They not only help with the pain but also with the accom-
panying nervous depression [57, 87]. A regular ECG surveillance is recommended as at high
doses these drugs can induce cardiac arrhythmias [88]. Duloxetine, the most commonly used
serotonin-noradrenaline reuptake inhibitor, is devoid of cholinergic or cardiac side effects [87].

The second step is the combination of the above-mentioned drugs with anti-epileptic agents
[89], like gabapentin or pregabalin [6, 19, 27, 57, 87]. Clonazepam at night time is very effective,
but it can induce drowsiness, and some patients find it difficult to tolerate [90]. Other anti-
epileptic drugs like topiramate, carbamazepine, oxcarbazepine and lamotrigine are also used
but with limited success [57].

Lidocaine (lignocaine) 5% patches applied to the painful area are the third line of medical treat-
ment [27, 91, 92]. It controls the cold allodynia but not the mechanical one [73].

Capsaicin 8% patches are used but can cause severe local skin irritation [27].

Oral cannabinoids, which were successful in controlling brachial plexus injury pain in rats [70],
have limited success in humans and are not currently recommended [93].

Opioids (tramadol [6, 89], morphine, oxycodone and tapentadol) are to be avoided as they
are not very effective in the treatment of neuropathic pain [32] and because of their addictive
properties [27, 57, 91, 92]. In any case the opioid dose should never exceed 180 mg/day of
oral morphine equivalents [57] and should be complemented with TCAs and anti-epileptic
drugs [89].

Other drugs have been tried experimentally in rats, like rapamycin [94], intrathecal Trichostatin
A (TSA) [94] or intravenous immunoglobulin [95], but there are no reports of their use in humans.

Transcutaneous electrical nerve stimulation (TENS) has been used to control and prevent the
development of neuropathic pain after brachial plexus injury [35, 96-98]. Its main advantage
is that it can be self-applied by the patient. However, it needs constant application, and at
times it can provoke local skin irritation [35, 96-98].

The common clinical features shared by neuropathic pain and CRPS hinder a pure clinical
diagnosis [6]. Distinguishing between both of them is essential as the latter causes greater
disabilities [99]. To differentiate them, an ultrasound examination can be performed, as the
muscular architecture is preserved in neuropathic pain but not in CRPS [99].

Medical treatments can also classify the pain: stellate ganglion blocks will only relieve CRPS
[6, 100, 101]. Other therapies for CRPS include botulinum toxin, which can be used to treat
muscular trigger points [102] when found, and electroacupuncture, which has been found
effective in controlling experimental brachial plexus pain in rats [103]. We have not found
any publication reporting the use of electroacupuncture in human beings.
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5. Surgical treatment

Brachial plexus injury repair by direct suture, by grafts or by nerve transfers, particularly sensory
nerve transfers, minimizes the incidence and severity of neuropathic pain [4, 26, 34, 67, 104-109],
and the sooner the repair is done the better [25, 67]. CRPS is the exception as further surgery
outside trapped nerve decompression seems to have a negative impact on the outcome [101].
In these cases either an interscalene [102] or stellate ganglion block [110] or a cervical spinal
cord stimulator [111-113] is recommended instead. The phantom limb pain only improves with
central nervous system procedures [114, 115].

There are two main roads of action: neuromodulation and ablative procedures. The first group
relies on applying electric impulses to different areas of the central or peripheral nervous system,
aiming to block the transmission of the nerve impulses that are finally interpreted as pain in the
sensory motor cortex. They are particularly effective for continuous pain but less so for parox-
ysmal painful discharges [84]. The ablative procedures aim to destroy the posterior horn spinal
cord neurons that start to fire in an abnormal way after being disconnected from their peripheral
sensory input [25, 64-66], controlling paroxysmal pain better than continuous pain [84].

5.1. Neuromodulation procedures

Peripheral nerve stimulation provides 50-83% pain relief in 65-80% of the patients [116-120], and
the affected limb preserves the residual function remaining after the injury [121]. Allodynia
and neuropathic pain are controlled with mild improvement in the sensory function [116,
118]. The results are stable long-term [118, 119, 121]. The electrodes can be implanted with an
open surgical procedure [117, 119] or percutaneously under ultrasound guidance [116, 120].
Unfortunately lead fracture, displacement or infection can spoil an initial successful result [116,
120]. A further refinement is to apply the stimulating electrodes not through a cuff around
the affected nerve but by direct selective nerve fascicle stimulation [122]. In this way only the
affected sensory fascicles are stimulated and not the motor ones, improving the results and
reducing the side effects, particularly muscle spasms [122].

Cervical spinal cord stimulation stops the transmission of the abnormal electrical impulses
coming from the deafferented posterior spinal cord horn neurons [123], controlling the pain
with preservation of the remaining upper limb function [112, 124, 125]. Its success rate in the
treatment of neuropathic pain associated with brachial plexus injuries is 50% [51, 111-113,
124-129]. Itis particularly useful in CRPS [112] but it also helpful in nerve root avulsions [129].
In cases of failed previous dorsal root entry zone (DREZ), lesioning can provide good pain
control [113]. Contrariwise, when the spinal cord stimulation failed the DREZ-otomy through
radiofrequency, it yields suboptimal results [130]. Nevertheless several research groups rec-
ommend to restrict the cervical spinal cord stimulation for failed previous DREZ-otomy due
to its high economical costs [25, 131-133]. A trial period is needed before the definitive pulse
generator implantation to predict the results [129]. The stimulation parameters can be modi-
fied according to the patient’s individual needs through an external programming device.
The electrodes can be implanted percutaneously or surgically. Lead fracture or dislocation
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and battery exhaustion will require surgical revision of the system. Some patients experience
discomfort due to paresthesias particularly when rotating the head [111, 124]. This can be
minimized by reprograming the active electrodes and the intensity of the electrical stimuli.

Pulsed radiofrequency has been reported in a few cases of brachial plexus injury including one
with concomitant limb amputation, with a 60-70% pain improvement in a 6-month follow-
up [38, 134]. The main advantage is that radiofrequency does not induce additional motor or
sensory deficit, although the results are not long-lasting [135]. The data are insufficient to draw
any definitive conclusions [38, 134, 135].

In small clinical series of patients, deep brain stimulation has shown a 55% improvement in neu-
ropathic pain arising from brachial plexus injury and traumatic amputation pain [20, 58, 136].
After 1 year the effectivity is reduced in many patients, and increasing the intensity of the
electrical stimuli is not always successful to improve the deteriorating results [20]. There is
no agreement on where is the best target for the stimulation: some recommend the sensory
thalamus [20, 58] and others the periaqueductal grey matter [137, 138].

In neuropathic pain induced by brachial plexus injury, motor cortex stimulation has shown a
42% effectiveness in controlling the continuous pain but no effectiveness for the paroxysmal
discharges [84, 139]. A major drawback is the lack of factors to be able to predict the results
to be expected [84]. This is particularly important considering the high cost and surgical risks
involved in this technology.

5.2. Ablative procedures

The medial thalamotomy, the spinothalamic tractotomy, and the anterolateral tractotomy have
been abandoned due to the limited pain control they provide and the side effects they carry [119].

The DREZ is an anatomical area of the spinal cord composed by the dorsal rootlets, Lissauer’s
tract and the dorsal horn [25]. DREZ-otomy aims to destroy the neurons located in the posterior
horn of the spinal cord that start firing abnormally once deprived of their peripheral sensory
input [25, 140]. It has proved particularly effective in the control of brachial plexus-induced
neuropathic pain [22, 23, 28, 48, 140, 141], but it is a destructive procedure that can be applied
when no residual upper limb function has to be preserved (i.e. nerve root avulsions). It is
particularly effective in controlling the paroxysmal pain but not so much in the constant aspect
of it [23-25, 84, 133, 139, 142]. It provides a better pain control than the neuromodulation pro-
cedures, with a reported long-term success rates of 50-75% [22, 25, 29, 48, 143]. Unfortunately
about 10% of patients develop ipsilateral leg weakness and ataxia [22-24, 28, 48, 133, 140, 141]
due to the vicinity of the area to be lesioned to the motor corticospinal tract laterally and
the dorsal column with proprioceptive information medially [25, 140]. This successful pain
control correlates with an improvement in anxiety and depression and in a third of patients
in returning to work [133, 144]. The pain improvement with this technique is independent of
the time elapsed since the injury and the DREZ-otomy [25, 133]. Pain recurrence is expected in
13-20% of the patients [22, 23, 25, 28, 29, 132, 143, 145-147] particularly in those with constant
type of pain [23, 24, 139] but with an acceptable pain control in over 60% of them [132, 143].
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The recurrences seem to be more common in the first 12 months post-op and much rarer after
5 years of follow-up [48, 132]. Pain control and recurrences seem to be less common among
nerve root avulsions than with other more peripheral brachial plexus injuries [143, 145]. Some
surgeons have considered that a bad result would mean a DREZ lesion of insufficient size
[25, 131] and used the intraoperative ultrasound imaging to guide the shape and size of those
lesions [131]. They reported an initial 100% pain control that decreased to 87% on 47.5 months
follow-up but at the price of a higher rate of lower extremity weakness and ataxia [131] (17%,
compared to 10% in other patient series [22-24, 28, 48, 140, 141]). These results also reflect that
apart from the spinal cord, there are other higher central nervous system areas involved in the
generation and maintenance of the neuropathic pain induced after brachial plexus injury [148].

Lack of DREZ region damage confirmed in preoperative MRI seems to be an indicator of
successful pain control with the DREZ procedure to the point that no patient with spinal
cord dorsal horn abnormalities had a completely pain-free outcome [22]. It is suggested that
if the posterior horn is abnormal, the thalamus will most likely develop deafferented neurons
that will start firing in an abnormal pattern and thus the treatment should be directed there
and not to the spinal cord [22]. This observation contradicts the fact that surgically ampu-
tated patients due to different medical conditions in whom a normal spinal cord anatomy is
preserved fare worse with the DREZ operation than those that had a traumatic amputation
[115]. In these DREZ-otomy failed cases, a cervical spinal cord stimulator is recommended
[113]. Post-operative MRI examinations in radiofrequency DREZ lesions have shown that the
surgically lesioned area extends beyond the posterior horn [149]. This is in concordance with
the clinical fact that some patients develop post-operative leg weakness, ataxia and sensory
abnormalities below the operated area [22-24, 28, 48, 133, 140, 141].

DREZ-otomy provides 83% pain control rate in phantom pain [115, 150, 151], 67% in burning
pain and 29% for stump pain [115, 152]. Both amputation and nerve root avulsion phantom
pain seem to benefit from DREZ-otomies [115, 150, 151]. The results in pain improvement
are better in traumatic amputations than in those due to medical conditions [28, 115]. Some
researchers recommend to start with neurostimulation in phantom limb pain and to recourse
to the DREZ-otomy as a last resort [152].

The DREZ-otomy can be created microsurgicaly (Sindou’s technique) [25], with radiofrequency
(Nashold’s technique) [29, 48], with laser [153-156] or even with an ultrasonic microprobe
[131], but there are no major differences in pain control or patients’ quality of life between them
[142, 156]. The microsurgical technique is performed with the regular bipolar forceps, which is
less expensive than the other options (radiofrequency, laser, ultrasonic probe), making it ideal
for countries with limited resources [144, 157]. Some scientists have attempted intraoperative
neurophysiological monitoring to improve the clinical results [65, 158, 159]. Freeing the spinal
cord completely helps to stop pain induction with neck movements [25]. A concern that has not
yet been studied in detail is the possible long-term effects of extensive cervical laminectomies
required for the procedure, as it might accelerate cervical kyphotic deformity with cervical
spinal cord myelopathy [147]. In any case the original full bilateral cervical C.-T, laminectomies
[25, 140] have been replaced in many surgical units by hemi-laminectomies.
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6. Conclusions

Brachial plexus injuries can be the source of chronic pain. This pain can be neuropathic, CRPS
and/or phantom limb, particularly if there is extensive nerve root avulsion or an upper limb
amputation. The pain is oftentimes excruciating and leads to a bad quality of life even inter-
fering with the physiotherapy needed to achieve a good recovery. The response to treatment
of this pain is not always as successful as expected. Some patients respond to medication, but
many need neuromodulation or ablative procedures. The most effective surgical technique
is the DREZ-otomy, but 10% of patients develop side effects. If the ablative procedures fail,
cervical spinal cord stimulation can be attempted.
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Abstract

Dedicated peripheral nerve surgery centers are few in developing countries where major-
ity of affected patients either remain untreated or are simply palliated with just phys-
iotherapy. In this chapter, we review our experience with surgery for peripheral nerve
lesions and peripheral nerve injuries over a 5-year period. A total of 68 procedures were
carried out for 58 patients with various peripheral nerve lesions and injuries. Among the
19 surgeries for adult brachial plexus injuries, 10 were for pan-brachial plexus injury, 2
procedures for lower brachial plexus injuries, and 7 procedures for upper brachial plexus
injury, while 11 repair surgeries were done for pediatric brachial plexus injuries. The
remaining 38 surgeries included 21 peripheral nerve sheath tumor excisions, 5 ablative
procedures for chronic neuralgia, 8 procedures for non-carpal tunnel peripheral nerve
entrapments, and 4 adults with upper or lower limb isolated nerve injury repairs. The
patients were followed up between 6 months and 2 years post-surgery for functional
outcome assessment. Overall, as many as 57.5% of the patients had significant neurologic
improvement noticed at 2 years of follow-up. Despite its challenges, optimal outcomes
following surgery are still possible for patients with nerve injuries, entrapments, and
nerve tumors in developing countries

Keywords: brachial plexus injury, peripheral nerve sheath tumor, peripheral
entrapment neuropathy, pattern, peculiarities

1. Introduction

The field of peripheral nerve surgery has evolved significantly over the past century, with
many lessons learnt [16]. The practice of peripheral nerve surgery can be both rewarding and
frustrating due to prolonged recovery times and outcomes ranging from excellent to dismal,
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particularly for injuries involving the brachial plexus [44]. The most crucial aspect of planning
surgical intervention in brachial plexus injury is selecting the timing of surgery [8] —prefer-
ably explored within 5 months after injury [8, 13]. This might be as early as 2 months for
pan-plexus injuries which have demonstrated no improvement or as late as 5-6 months for
distal neurotization repairs for upper plexus injuries. Generally, the armamentarium of the
peripheral nerve surgeon includes (1) the initial history and examination, (2) preoperative
electrophysiology, (3) preoperative rehabilitation, (4) longitudinal preoperative clinical and
electrophysiological course (i.e., recovery/no recovery), (5) preoperative radiological assess-
ment, (6) intraoperative anatomic study, (7) intraoperative electrophysiology, (8) operative
procedures, and (9) postoperative rehabilitation.

However, this ideal kind of practice is obtainable mainly in the developed countries. Dedicated
neurosurgical peripheral nerve surgery centers are still quite few in India and most other
developing countries where majority of these patients either remain untreated or are palli-
ated with physiotherapy as the only intervention, mainly as a result of lack of the required
expertise and the necessary facilities. In this article, we looked at the pattern and trend of
these problems in our practice, and present our early experience and outcomes, along with
a brief review of previously documented results on similar surgical problems in the litera-
ture. Finally, we summarize the general principles and currently accepted practice guidelines
required for optimal outcomes.

2. Patients and methods

The clinical and operative details of all patients who underwent peripheral nerve sur-
gery at the neurosurgery department of Amrita Institute of Medical Sciences, Amrita
University in Kochi, India over a period of 5 years from January 2010 till January 2015
were obtained from the hospital database and retrospectively reviewed. This department
is a major neurosurgical referral center located in south-west of India serving both local
and international patients. The senior author (AP) was responsible for the clinical and
surgical management of all patients under review. The spectrum of cases ranged from
nerve injuries and peripheral nerve sheath tumors to nerve entrapment syndromes. Short
descriptions of the key approach and techniques which we used are briefly detailed as
follows (with illustrations):

2.1. Nerve repair surgical technique

All our nerve repairs involved microanastomosis with 10.0 nylon epineural sutures (1-3
per coaptation) and fibrin glue, as described in the literature [45]. Our cable graft sources
included the sural nerve, medial antebrachial cutaneous nerve (MACN), and occasionally
the greater auricular nerve in infants. Some of our employed techniques for the extraplexal
repairs included Somsak’s selective distal neurotization of the axillary nerve with branch to
long head of triceps [46], posterior approach and transfer of the spinal accessory nerve to the
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Figure 1. Intraoperative pictures of a sample extraplexal neurotization repair of pan-plexus injury. (A) Full-length
phrenic nerve transfer to medial root of the median nerve for prehensile hand function and coaptation of contralateral
C7 (Cont. C7) to the posterior cord for axillary and radial nerve functions. (B) Sural nerve cable graft in the same pan-
plexus repair to neurotize the musculocutaneous nerve (MCN) from the spinal accessory nerve (SAN) for elbow flexion.
The coaptation was made in the infraclavicular space into the MCN distal to the branch to the coracobrachialis. (C)
Supraclavicular coaptation of ipsilateral C4 motor root and SAN as donor sources into sural nerve cable graft neurotizing
the MCN.

suprascapular nerve for shoulder abduction, Oberlin I selective transfer of ulnar nerve fascicle
to the musculocutaneous nerve and Oberlin II transfer of branch to brachialis with median
nerve motor fascicle for elbow flexion [34]. Our extraplexal transfer techniques also used
included contralateral C7 transfer with cable grafts tunneled through the prevertebral space
(in 11 patients) to the posterior division of upper trunk for axillary and radial nerve rein-
nervation and/or the medial cord/branches in OBPI (obstetric brachial plexus injury) for hand
function, and thoracoscopically harvested full length phrenic nerve transfer to medial root
of median nerve for hand prehensile function (in 4 patients) (Figure 1A-C). Donor fascicle
functional integrity and recipient nerve nonfunctionality was confirmed by the presence or
absence of innervated muscle contraction in response to direct monopolar nerve stimulation.
Post-operative immobilization of the affected limb was maintained for 3 weeks, and thereafter
patients were commenced on a rigorous rehabilitation protocol by the second author (RS) as
early as possible.

2.2. PNST (peripheral nerve sheath tumor) excision surgical technique

Under general anesthesia or regional anesthesia, the affected nerve segment was exposed,
the epineurium was incised and tumor dissected in its subcapsular plane for PNSTs to
ensure that non-involved fascicles remained functionally intact (Figure 2c). The entire
limb was prepared and draped in order to assess all individual muscles with direct nerve
stimulation as per the resection needs. Either direct NAP (nerve action potential) was
recorded across the segment (2 cases) or absence of stimulation-induced target muscle
twitching was ascertained before sacrificing the primary fascicle giving rise to the
PNST. For malignant peripheral nerve sheath tumors (MPNSTs), an oncological wide
resection at least 2-3 cm proximal and distal to the tumor, sacrificing the entire parent
nerve, was done followed by functionally matched fascicular repair using sural nerve
cable grafts (Figure 3). MPNSTs were often diagnosed preoperatively using FDG-PET
(fluorodeoxyglucose positron emission tomography) scan to counsel and plan for nerve
sacrifice and immediate repair.
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Figure 2. (A-C) Excision of a benign peripheral nerve sheath tumor. The affected nerve segment was first exposed,
followed by incision of the epineurium and the tumor was then dissected out complete in its subcapsular plane.

Figure 3. (A-D) Excision of a malignant peripheral nerve sheat tumor. Notice the extent of involvement of the affected
limb. An oncological wide resection proximal and distal to the tumor was done along with excision of the involved
parent nerve (C), followed by functionally matched fascicular repair using harvested cable grafts, as shown in (D).

2.3. Nerve entrapment release surgical technique

Nerve entrapments distal to the shoulder (cubital tunnel, PIN entrapment, Guyon’s canal
entrapment) were operated under regional (supraclavicular block) or local anesthesia.
Previously described techniques were followed [1, 2, 21, 30] (Figure 4A and B).

Following surgery in each patient, the limb was immobilized with a splint for 2-3 weeks
before commencing physiotherapy, to allow for epineural healing without tension at the
anastomosis. Once the concerned limb was mobilized, our primary goals were prevention
of contracture and prevention of complex regional pain syndrome (CRPS) following muscle
reinnervation, by starting with passive ROM (range of motion). Once a flicker of contraction
was found in the concerned muscles, we began isolating and strengthening them with gravity
initially, progressing to “against gravity,” and then with resistance. Once the patient could
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Figure 4. (A, B) Guyon'’s canal release. Notice the extent of the skin incision to both the wrist and palmar line (A) to
ensure adequate exposure and release of the ulnar nerve and artery at the level of the canal.

move against gravity, it was useful to add functional tasks into the exercise programme since
motor coordination is as important as strength in recovery. With this process, the patient
would gradually develop “different” ways of doing old tasks to compensate for weakness of
the primary effector muscle. This was achieved by utilizing the secondary effector muscles
which changed the appearance of task performance.

If there was little hope of recovering function at this point, then focusing on stabilizing the
involved muscles above and below became more practical but if the chances of functional
recovery were high, then training the concerned muscle to become activated at the correct
time in the kinetic chain became more useful than just purely strengthening it. Once the
reinnervation waiting period was over, one of three patterns would usually emerge: (1) the
patient recovered function in the limb and used it, (2) the nerve failed to reach and innervate
the muscle, or (3) the reinnervation occurred but disuse would have reduced cortical repre-
sentation and then, the patient may not know “how to” use the muscle. Electrophysiology
was quite useful in differentiating such cases, and modifying the rehabilitation plan at this
stage taken into consideration depending on which of these patterns was the case.

2.4. Outcome analysis

Our measurement of functional outcomes following surgery was defined as follows based on
the Medical Research Council (MRC) motor power grading system [4, 20].

* No improvement in power = only flicker of movement of the affected muscle groups (or
affected limb) = MRC 0-1

¢ Slight or mild improvement in power of affected muscle groups or the involved limb=MRC
2-3

* Significant improvement in power of affected muscle groups or the involved limb = MRC
4-5
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The evaluations were carried out at 6 months, 1 year and 2 years after surgery at follow-up in
our outpatient clinics.

3. Results

A total of 68 surgeries were completed in 58 patients for various peripheral nerve disorders
over the 5-year period. There was an average of about 13.2 surgeries per year, with an increas-
ing frequency as the programme developed. The age of the patients ranged from 2 month to
68 years, with a sex distribution of 41 males and 17 females (ratio of 2.4:1). Overall mean time
of presentation was at 18.3 months either post-injury or following onset of symptoms for non-
traumatic peripheral nerve problems, with the earliest presentation being 1 day post-obstetric
brachial plexus injury in a newborn at birth and the latest being 15 years in 2 patients (one
with a left ulnar nerve nodule and the other with a left brachial plexus PNST respectively).
The majority of the cases were for brachial plexus injuries (n =30, 44.1%) comprising 19 adult
surgeries and 11 pediatric surgeries. Among the 19 adult surgeries, there were 10 procedures
for pan-brachial plexus injuries, 7 for upper brachial plexus injuries and only 2 for lower
brachial plexus injuries (Table 1). Of the 11 pediatric surgeries, 9 were for obstetric brachial
pan-plexus injuries (OBPI—Erb’s-Klumpke type) with one of the patients undergoing sur-
gery twice while the remaining 2 were for road traffic accident traumatic injuries (Table 1).
There were 21 excisions for peripheral nerve sheath tumors of which four were malignant,
with one of these three patients requiring surgery twice (Table 2). There were 8 peripheral
nerve entrapments comprising 3 posterior interosseous nerve entrapments, 3 cubital tun-
nel syndromes, 1 thoracic outlet syndrome and 1 Guyon’s canal entrapment syndrome. The
remaining 9 surgeries included repair for 2 patients with penetrating ulnar nerve injury, 2
patients with iatrogenic nerve injuries from PNST surgeries done elsewhere (brachial plexus
and common peroneal respectively), and procedures for chronic neuralgia (which included
3 DREZ-otomies, image-guided radiofrequency lesioning, open neurotomy of lateral cutane-
ous nerve of the right forearm and selective fascicular neurectomy of the left distal ulnar
nerve). Among the benign lesions, 12 (57.1%) were benign schwannomas, while the remain-
ing 42.9% consisted of various other lesions. Of note, 3 patients undergoing PNST using the
fascicular-sparing subcapsular dissection technique noted post-op sensory deficits or pares-
thesias which were generally transient and none was noted to have any motor deficits.

n Percentage
Pan-brachial plexus injury (adult) 9 30.0%
Upper brachial plexus injury (adult) 7 23.3%
Lower brachial plexus injury (adult) 2 6.67%
Obstetric brachial plexus injury (OBPI) 10 33.3%
Surgically managed Non-obstetric traumatic brachial plexus injuries 2 6.67%
Total 30 100.0%

Table 1. Distribution of surgery for adult and pediatric brachial plexus injuries.



Starting A Peripheral Nerve Surgery Unit in an Area of Limited Resources - Our Experience 131

http://dx.doi.org/10.5772/intechopen.75349

As shown in Table 3, the majority of the injuries were repaired with various extraplexal neu-
rotization transfers alone (25.8%), followed by repair with various combinations of extraplexal
transfers and intraplexal neurotizations (22.6%), while 19.4% had repair with only intraplexal
neurotizations. Figure 5 summaries all surgeries done over the 5 year period. Brachial plexus

n Percentage
Peripheral nerve sheath tumors 21 55.3%
Peripheral nerve entrapments 8 21.1%
Chronic neuralgia 5 13.2%
Common peroneal nerve injury 1 2.6%
Ulnar nerve injury 3 7.9%
Total 38 100.0%
Table 2. Distribution of surgery for other lesions (adults and children).

n Percentage
Intraplexal neurotization 6 19.4%
Extraplexal neurotization/distal nerve transfers 8 25.8%
Combined intra + extraplexal neurotizations 7 22.6%
Exploration with internal/external neurolysis 3 9.7%
Microsurgical dorsal root entry zone lesioning (DREZ-otomy) 4 12.9%
Only microsurgical exploration + neurophysiological studies 3 9.7%
Total 30 100%

Table 3. Breakdown of all procedures done for brachial plexus injuries.

 Brachial phious Injury repaies

u peripheral nerve sheat tumou
macishons

o Nerve entrapment releass

m Surgery for Chronic newralgia

W Isolated nerve injury repairs

Figure 5. Summary of various peripheral nerve surgeries done over the five year period under review. Brachial plexus

injury repairs and PNST excisions formed the bulk of the procedures.
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6 months post-op 1 year post-op 2 year post-op
N 19 (100%) 19 (100%) 18 (95%)
No improvements in function 12 (63.2%) 3 (15.8%) —
Slight improvement 3 (15.8%) 7 (36.8%). 3 (15.8%)
Significant improvement 2 (10.5%) 5 (26.3%) 8 (42.1%)
No follow-up 2 (10.5%) 4 (21.1%) 7 (38.9%)

Table 4. Summary of outcomes for the adult brachial plexus injury repair.

6 months post-op 1 year post-op 2 years post-op
N 11 (100%) 11 (100%) 10 (91%)
No improvements in function 3 (27.2%) — —
Slight improvement 4 (36.4%) 3(27.2%) —
Significant improvement 2 (18.2%) 5 (45.5%) 8 (72.8%)
No follow-up 2 (18.2%) 3(27.2%) 2 (18.2%)

Table 5. Summary of functional outcomes for the pediatric brachial plexus injuries.

Complication n Percentage (%)
Voice hoarseness 2 133
Muscle weakness (post-PNST excision) 3 20.0
Operative wound dehiscence 2 13.3
Operative wound infection 3 20.0
Severe intra-op hemorrhage 1 6.67
Apnoeic attacks 1 6.67
Malunion (following claviculectomy for access) 1 6.67
Deep venous thrombosis of affected limb 1 6.67
Post-op pleural effusion 1 6.67
Total 15 100.0

Table 6. Post-operative complications.

injury repairs and PNST excisions formed the bulk of the procedures. Outcomes at 6 month,
1 year and 2 years post-op are as summarized in Tables 4 and 5. Complications following
surgery are as shown in Table 6.
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4. Discussion

4.1. Perculiarities, trend, and pattern

Majority of the entire 58 patients were first seen at the out-patient clinic, while a few of them
presented via the emergency room. Similar to observations in the literature, the more com-
monly affected anatomic side was the right side (58.5%) compared to 36.9% of the patients who
had their problems on the left, with the remaining 4.6% who were mainly Neurofibromatosis-1
patients having bilateral PNSTs. There was a slight male preponderance of 2.4:1 in this study.
Most other investigators similarly reported male predominance in their work (Table 6). From
the observations as shown in the results, the majority of them were injury cases which were
generally brachial plexus injuries (n = 30, 44.1%). Among the adult cases, pan-brachial plexus
injuries were the commonest (n = 9; 50%), closely followed by upper brachial plexus injuries
(n=7; 38.9%) while lower brachial plexus injuries were the least (n =2; 11.1%). Most of these
presented fairly late (overall average time of presentation was 18.3 months) as a result of con-
siderable length of time required for referral and transfer to our center following occurrence
of the injury. As a result, majority of the procedures were done on elective basis instead of as
emergencies. A few other factors which were probably responsible for late presentation pos-
sibly included poverty, living far away from our institution, initial visitation or consultation
to other alternative healers, and sometimes delayed referral from other medical facilities. The
follow-up rate at the end of the 2 year period was 95% for adults (Table 4) and 91% for the
pediatric cases (Table 5) of the brachial plexus injury surgeries. The peripheral nerve sheath
tumors ranked next in frequency (n = 21, 30.9%). The timing and pattern of presentation of
this set of patients did not differ significantly from the nerve injury patients. Similar to the
general pattern in the literature [14], the majority of the peripheral nerve tumors were benign.
We had only 8 peripheral nerve entrapments while procedures for chronic neuralgia were the
fewest (n = 3, 4.4%). Estimated blood loss was negligible in all surgeries except in one case of
longstanding left brachial plexus PNST (Table 6). The post-operative complications noted in
22.1% of the patients post-operatively were mostly wound infection and post-PNST excision
muscle weakness (Table 6).

4.2. Outcomes

Anyone would agree that timing of surgery is very crucial in the ultimate outcome. Yet, in spite
of the fairly late presentation in the majority, it is clear from Tables 4 and 5 that despite the
relatively small number of 58 patients in our series, there was generally a steady rise in num-
ber of those with marked improvement of functional recovery, with a simultaneous decline in
the proportion of “no improvements at all” over the same period. We did more of adult bra-
chial plexus injury repairs and became less enthusiastic about pediatric cases as our practice
developed because the adult cases generally benefitted from surgical repair (Figure 6). In our
personal experience with managing 196 cases of Erb’s and Erb’s plus palsies, excellent recov-
eries were possible in majority of cases with just a proper rehabilitation programme consisting
of cerebral retraining and judicious management of co-contracture deformities.
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Figure 6. (A) Examination to evaluate function at 1 year post-op for extraplexal neurotization repair in a 19 year old male
patient who had right brachial plexus injury involving upper and middle trunks. Notice the quite remarkable extent of
power recovered particularly with elbow flexion. (B) Examination to evaluate function at 2 years after surgery for distal
intraplexal neurotization repair in another 19-year-old male patient who had injury involving only the upper trunk of
his right brachial plexus. Compared with the contralateral limb, he had recovery of power to almost the same level with
the pre-morbid state.

4.3. Our challenges

Among those patients undergoing peripheral nerve procedures for pain, the outcomes were
generally poor. The patient with painful neuralgia involving lateral cutaneous nerve of fore-
arm responded only temporarily to two RF (radiofrequency) lesioning procedures, but was
relieved completely by proximal neurotomy. However, the same patient eventually later
developed another painful neuralgia from the medial antebrachial cutaneous nerve being
entrapped in the previous neurotomy surgery scar. The patient who had selective ulnar fas-
ciculotomy for left common palmar digital neuralgia experienced temporary relief for just
2 weeks, followed by recurrence of the same pain. Patients who had DREZ-otomy (dorsal
root entry zone lesioning) had excellent initial relief with cessation of incapacitating pain
attacks, but constant background neuralgic pain persisted with lesser severity than it was
preoperatively. Additionally, for the brachial plexus injury patients, in spite of our meticulous
techniques, the restoration of function below the elbow following either partial root avulsion
or total root avulsion was our biggest challenge. The benefit of surgery over natural history
was not also clear in the cases of OBPI, even despite the fact that only pan-plexus OBPI (Erb’s-
Klumpke type) were selected for surgical reinnervation. This explains why we did more of
adult brachial plexus injury repairs and became less enthusiastic about pediatric repairs as the
peripheral nerve programme went on.

Finally, among the several investigative imaging modalities required as standard pre-oper-
ative evaluation for peripheral nerve problems, one imaging modality which is emerging as
a useful tool in preoperative selection and planning of peripheral nerve surgery is the MR
neurogram [4, 41] but this was unavailable for investigating our patients at the time of their
evaluation.
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4.4. Steps followed in starting and organizing our peripheral nerve unit

One of the key aspects of the practice that can often lead to discouraging results if not properly
addressed especially at the initially starting phase is how to select the right cases for surgery and
get them properly managed after surgery. We realized that the ability of our efforts to manage
these problems individually was limited. We constituted a multidisciplinary team comprising
the neurosurgeons, neurologists, physiotherapists, orthopedician and plastic surgeon to review
each patient and ensure adequate and appropriate pre-operative planning. The team met once a
week and, this way, we were able to prevent the possibilities of inadequate or suboptimal clinical
and electrophysiological localization/understanding of the process in each patient, know of any
limitations of nerve repairs per case, plan ahead for accurate and reliable intraoperative electro-
physiology as well as for reconstructive procedures at the muscle and tendon level. This arrange-
ment also helped with meeting the need for regularized and effective rehabilitation as well as for
motivation & consistent follow-up. At surgery, we utilized cable grafts as much as possible to
prevention tension on our repair and made use of the operating microscope to ensure adequate
microanastomosis. Interestingly, we did not have to advertise our work. There was already a
strong referral pattern in our institution for other neurological/neurosurgical problems, and this
was further consolidated for peripheral nerve related-problems by our multidisciplinary team.
Regarding the problem of getting late referrals, we could only plan surgery based on how late the
presentation was. Luckily, none of the patients in our series was too late on arrival as to benefit
from only free muscle transfers. Unfortunately for most of such cases, we could not be in contact
with the referring physician or health facility to ensure earlier referrals for subsequent cases.

4.5. Comparison with previous findings in the literature

Table 7 shows previous publications on surgery for various peripheral nerve problems and the
documented outcomes. Reports from some of these studies highlight on a few technical factors
positively influencing the results post-operatively. With respect to trauma, single coaptation
repair of a donor nerve to the recipient nerve (neurotization repair) without tension is thought
to be generally superior than indirect repair with a cable graft [13]. Bhatia et al., clearly demon-
strated faster recovery and better functional results with direct coaptation compared to nerve
graft interposition in carrying out contralateral C7 transfers while in a retrospective study on
the effect of combining direct repair with nerve transfer procedures on the clinical outcomes in
74 patients by Sulaiman et al., all patients who had combination of nerve transfers with direct
repair using either C5 or C6 recovered elbow flexion to Medical Research Council grade 3,
compared to the same extent of recovery in only 87% of those in whom only nerve transfers
were done [29, 36]. This further confirms the effectiveness of bypassing the long distance of
regeneration by neurotizing the injured distal nerve stumps with more proximally located dis-
pensable donor nerves [29]. In our experience however, though we did not do any compara-
tive assessments like these authors, we attribute our outcomes as presented to the dedicated
techniques and approach along with a strict rehabilitation program. We used combinations
of cable graft techniques with direct neurotization transfers for majority of the brachial injury
surgeries (Table 3) and for the functional priorities, elbow flexion and extension were gener-
ally the most important function of target we aimed to restore, closely followed by selective
reinnervation of the median nerve for prehensile hand function or pincer grip.
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Regarding tumors, Guha et al., in managing 201 peripheral nerve sheath lesions (182 benign and
19 malignant) in 175 patients over a 17-year period, observed that subtotal resection was associ-
ated with the increased recurrence of the benign lesions and that the probability of motor function
worsening postoperatively was much less in patients in whom the tumors were fully resected
[35]. They also observed that the extent of resection in those who had schwannoma was greatly
influenced by tumor location, with lesions located in the extremities being more likely to be fully
resected than plexal tumors that were brachial, thoracic, or lumbosacral [35]. This was likely due
to better anatomical accessibility [35]. They concluded by suggesting gross total resection for all
benign lesions as much as possible [35]. In our own strategy however, we similarly dissected the
tumor in its subcapsular plane for PNSTs to ensure that non-involved fascicles remained function-
ally intact but observed no recurrence of the benign lesions in any of our patients whereas onco-
logical resection and not subcapsular dissection was our goal for the malignant ones (MPNST) in
view of the life-threatening nature of the pathology, even at the cost of functional compromise.

4.6. General principles

Detailed examination of these patients should be followed up by nerve conduction studies and
radiological imaging to localize and characterize peripheral nerve lesions or associated neurologic
injury [3, 5, 8, 22]. The appropriate imaging modalities for evaluation should be selected depend-
ing on the particular clinical circumstance [3, 5, 8]. Plain-film X-ray, computerized tomography
myelogram (CT), magnetic resonance imaging (MRI), ultrasound (US), as well as positron emis-
sion tomography (PET) all have their various indications in the management of peripheral nerve
problems [3, 40]. For instance, transverse process fractures of the cervical vertebrae on cervical
spine x-rays might indicate root avulsion at the same level [3, 22] and a distal neurotization repair
can be preoperatively decided upon. CT myelography can be used to define the level of nerve root
injury preferably within 4 weeks of the injury [3, 22]. Ultrasound may be used in some selected
situations for localizing peripheral nerve entrapment and for image guidance in percutaneous
interventions [3, 10]. One imaging modality which is emerging as a useful tool in preoperative
selection and planning of peripheral nerve surgery is the MR (magnetic resonance) neurogram
[3, 15, 37]. Of all these modalities, MRI and CT myelogram are generally the main radiological
investigations for diagnosis of problems involving the brachial plexus [3, 5, 9, 37, 40].

Electrodiagnostic studies are equally essential, particularly electromyography (EMG) and nerve
conduction studies (NCS). For example, preservation of sensory nerve action potentials (SNAPs)
in extensive brachial plexus injuries with severe motor deficits is highly indicative of preganglionic
injury and root avulsion. Additionally, serial compound motor action potential (CMAP) studies
at 6 week periods give the surgeon an estimate of the spontaneous recovery potential of an injury
(i.e., the classical neuropraxia and axonotmesis injury versus neurotmesis patterns) [18, 25]. When
the electrophysiology findings are combined with the longitudinal clinical evaluation of motor
recovery, the surgeon can then better decide upon timing and extent of repair required.

4.6.1. Brachial plexus injury repairs

Intra-operatively, the integrity of the donor nerve is a major determining factor for successful
outcomes [13]. Single coaptation repair of a donor nerve to the recipient nerve (neurotization
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repair) without tension is generally considered superior to indirect repair with a cable graft,
since only one microanastomosis is required [13, 45]. This is particularly important for weak
donor nerves such as the spinal accessory nerve [13, 51]. According to functional priorities,
elbow flexion and extension are generally the most important function to restore [19, 43].
Active shoulder control and stability is then considered next most important [50], followed
by abduction, external rotation, wrist extension and scapular stabilization prioritized in that
order [19]. Finally, managing each patient’s expectations is perhaps the most important part
of pre-operative planning and preparation [19]. Patients must be made to understand the
limits of the best possible outcome and the possibility that either no improvement at all or
limited functional improvement may occur after surgery [19].

The workhorse of brachial plexus repair surgery is still largely the neurotization transfers and
nerve grafting [5, 6, 13,17, 19, 23, 24, 29, 38, 42, 44, 48, 50, 51]. The muscles of the shoulder and
the biceps brachii have classically been the main targets for repair of brachial plexus injuries
[17, 29, 38, 48]. However, there is now more importance on equally focusing on restoring at
least elbow extension for functionality and even newer attempts at selective reinnervation of
the median nerve for prehensile hand function or pincer grip [33, 39, 42]. For proximal upper
limb functions, the two most important distal transfers are neurotization of the suprascapular
nerve with spinal accessory nerve through a posterior approach for shoulder abduction and
Oberlin’s double fascicular transfer of ulnar and median nerve fascicles to the biceps and
brachialis branches of the musculocutaneous nerve for elbow flexion [8, 19, 23, 24, 26, 31, 33,
38, 47]. Case series reports have demonstrated very low long term donor nerve functional
impairment resulting from thoracoscopic full-length phrenic nerve harvest and transfers and
contralateral C7 transfer [8, 12, 13, 19, 27, 28, 33, 43, 44]. Our experience with these two proce-
dures was very similar. Microsurgical dorsal root entry zone lesioning (DREZ) has been used
to effectively control the intractable pain that follows brachial plexus injuries, particularly for
the refractory cases [7, 11].

4.6.2. Nerve entrapments and painful neuropathies

For treatment of cubital tunnel syndrome, the anterior transposition of ulnar nerve may be
done in either the subcutaneous or the intramuscular plane [30]. In situ decompression of
the ulnar nerve with or without medial epicondylectomy as an alternative technique has
also been well described with its pros and cons [30]. For patients with Guyon’s canal syn-
drome, initial approach should be conservative care including immobilization, ergonomic
modifications of habitual movement, and local injection of cortisone is advocated except
for the refractory cases [2]. However, early motor involvement is common and one should
then proceed to surgical decompression. At surgery, the skin incision should extend to both
the wrist and palmar line, and the ulnar nerve and artery should be adequately freed at the
level of the Guyon’s canal [2] (Figure 4A and B). Posterior interosseous nerve (PIN) entrap-
ment creates a functionally disabling pure motor deficit. For PIN release, the nerve must
first be identified proximally between brachioradialis and extensor carpi radialis longus and
distally between extensor carpi radialis brevis and extensor digitalis communis at the point
where it enters the supinator, and should also include adequate division of the compressive
supinator fibers.
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4.6.3. Tumors

The goal of surgical intervention in PNST is excision of the tumor to alleviate the symptoms
caused by neural compression without incurring a sensorimotor deficit [14]. In MPNST, how-
ever, oncological resection is the goal given the life-threatening nature of the pathology, even
at the cost of functional compromise. In such situations, nerve graft repair can be planned
preoperatively. General, regional or local anesthesia may be used [14]. For general anesthesia,
anesthetist must avoid the use of muscle relaxants since these agents would ultimately prevent
the use of intraoperative stimulation and monitoring [14]. The limb should be exposed so as to
monitor the distal muscle response to fascicular stimulation (Figure 3). The incision should be
made over the involved portion of the nerve starting from 2 to 4 cm proximal to and extending 2
to 4 cm distal to the tumor [14]. The probability of malignant degeneration of a PNST to MPNST
should be assessed preoperatively by (1) size, (2) presence and character of pain, (3) radiological
criteria (MRI, PET), and (4) the presence of type 1 neurofibromatosis (which has a 20% propen-
sity for MPNST). If suspicion of MPNST is low, a subcapsular enucleation of the tumor mass
(usually schwannomatous) offers the best chance of gross total excision with relief of compres-
sive symptoms and simultaneous functional preservation of the nerve fascicles. However, when
any combination of these features indicate high suspicion of an MPNST, thorough preoperative
planning and counseling should be done for nerve sacrifice to maintain oncologically complete
resection and subsequent grafting repair. Oncologically speaking, the option of initial tumor
biopsy for confirming the histology followed by total resection is not ideal since violation of
soft tissue planes leads to a higher chance for adjacent tissue seeding of sarcomatous cells and
even delayed distant recurrence. If a nerve graft was done, the limb should be immobilized with
a splint for 2-3 weeks to allow for epineural healing without tension at the anastomosis [14].
Fortunately, the majority of peripheral nerve tumors are benign [14].

4.6.4. Rehabilitation

Rehabilitation constitutes the remaining postoperative period until the patient achieves maxi-
mal functional and neurological recovery [49]. This can often be rather prolonged, and major
depression related to extent of injury and surgery is a common factor that needs specific atten-
tion in order to improve outcomes. Once the concerned limb can be mobilized, the primary
goals are prevention of contracture by passive ROM (range of motion) [41, 49]. This helps pre-
vent complex regional pain syndrome (CRPS), and allows for a more useful limb once muscle
reinnervation occurs. Within this time frame, orthotics is useful in preventing contractures at
rest. This phase can extend up to 6-9 months post-operatively.

Once a flicker of contraction was found in the concerned muscles, we began isolating and
strengthening them with gravity initially, progressing to “against gravity,” and then with
resistance. Once the patient could move against gravity, it was useful to add functional tasks
into the exercise programme since motor coordination is as important as strength in recov-
ery [41]. With this process, the patient would gradually develop “different” ways of doing
old tasks to compensate for weakness of the primary effector muscle. This was achieved by
utilizing the secondary effector muscles which changed the appearance of task performance.
It remained with the physiotherapist to track recovery and see if these different ways were
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acceptable or not, followed by modification of the therapy plan as required. For example, the
patient may develop “whip-like” movements to initiate shoulder abduction. If there was little
hope of recovering deltoid function, then focusing on stabilizing the involved muscles above
and below became more practical than utilizing electrical current to recover this muscle’s
mass. If the chance of functional recovery was high, then training the concerned muscle to
become activated at the correct time in the kinetic chain became more useful than just purely
strengthening it. Once the reinnervation waiting period was over, one of three patterns would
usually emerge: (1) the patient recovers function in the limb and uses it, (2) the nerve fails
to reach and innervate the muscle, or (3) the reinnervation occurs but disuse would have
reduced cortical representation and then, the patient may not know “how to” use the muscle.
Electrophysiology was useful in differentiating such cases, and modifying the rehabilitation
plan taken into consideration depending on which of these patterns was the case.

5. Present challenges with peripheral nerve surgery

In spite of a growing number of good surgical alternatives currently available such as intro-
duction of phrenic nerve transfer to medial root of median nerve for prehensile hand function,
the restoration of function below the elbow following either partial root avulsion or total root
avulsion presently remains the biggest challenge in brachial plexus surgery [8, 13, 25, 33, 39,
42]. Avulsion injuries from C5 to T1 have been shown to be amenable to restoration of good
shoulder and elbow function, but the restoration of satisfactory distal function is still yet to be
well demonstrated [8]. However, new techniques to circumvent this problem have recently
been proposed [39, 42]. For the obstetric brachial plexus injuries, another particular challenge
is the restoration of abduction and external rotation in the shoulder joint [18] which is largely
limited due to developmental apraxia which occurs at a cerebral level.

Regarding investigation and preoperative planning, EMG and nerve conduction studies have
their own limitations [18, 25]. EMG itself only reflects the function of the individual motor
units in a nerve and not really that of the entire nerve or the cerebral retraining required to
establish function [25]. Also, in severe cases with a flail anesthetic arm, the absence of SNAPs
often clearly indicates damage to post-ganglionic elements but cannot exclude a mixed lesion
with associated root avulsion [18].

Furthermore, there are currently only limited algorithms to guide the surgeon on carrying
out nerve transfers [13, 52]. The choice of which transfer to utilize in each case is largely
dependent on each surgeon’s philosophy, knowledge and experience as well as patient-
related factors, a clear understanding of the involved anatomy of the brachial plexus in
each patient, what is uninjured and still viable for nerve transfer repair, as well as available
facilities and equipment [8, 13, 52]. A combination of long and variable recovery periods,
variable patterns of injury, individual patient recovery factors and lack of uniformity in
rehabilitation all lead to the overall lack of objective evidence-based guidelines for man-
agement. For pediatric patients, the criteria and timing of surgical intervention also still
remains controversial [4]. Some have used the absence of recovery of the biceps muscle
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or shoulder function by 3 months of age as the indication for surgery in obstetric brachial
plexus injury (OBPI), while others use 4 months or even 9 months as the time limit [4, 32].
In our personal experience with managing 196 cases of Erb’s and Erb’s plus palsies, excel-
lent recoveries were possible in majority of cases with a proper rehabilitation programme
consisting of cerebral retraining and judicious management of co-contracture deformities.
Some would argue that deformities are less common with early nerve repair in OBPI, but
this is yet to be proven definitively.

Finally, even though microsurgical repair of nerve injuries has advanced significantly over
time, satisfactory functional recovery still remains a challenge [29]. The ultimate goal of a
nerve repair should be a functional improvement that creates satisfaction for the patient in
his or her daily activities and occupation and not simple improvement in the muscle power
grading. This requires dedicated efforts in physical, psychological and vocational rehabili-
tation. Augmentation of the paralyzed limb using reanimative muscle or tendon transfer
surgeries by the plastic surgeon often improves outcomes. Hence, a multidisciplinary team
is ideal.

6. Conclusion

In this chapter, we have described the pattern and trend of peripheral nerve problems in our
practice, and presented our challenges and outcomes, as well as the steps we followed to orga-
nize our peripheral nerve unit, followed by a review of general guidelines and principles of
care. Peripheral nerves related problems, are unfortunately only palliated in most developing
countries across the world. Although our experience in surgically treating these problems is
still developing and with the few limitations as presented, the final outcomes demonstrate that
surgical intervention is still better than just palliative measures alone or even nothing at all.
We could still manage the problems successfully with fairly good outcomes despite few set-
backs such as late presentation of patients, as well as unavailability of full investigative imaging
modalities required as standard pre-operative evaluation for peripheral nerve problems. We are
hopeful that this brief presentation would be a useful impetus for the introduction, develop-
ment and implementation of nerve surgery programmes in other developing countries around
the world.
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