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Chapter

The Role of Functional Electrical
Stimulation in Brachial Plexus
Injury Repair

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

Abstract

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

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

1. Introduction

Brachial plexus injury (BPI) is a common type of peripheral nerve injury. In
addition to muscle paralysis, motor and skin sensory functions will decrease or
disappear in its innervated area, which has a high disability rate. In recent years,
with the continuous occurrence of excessive stretching and traffic accidents, the
incidence of BPI has also become higher and higher. Although the progress of
peripheral nerve surgery has significantly improved the treatment effect of BPI,
scar will be produced at the nerve repair site, which will inevitably distort the
contour of nerve pulse reaching the sensory and motor cortex, and eventually make
the injured peripheral nerve unable to regenerate effectively. Some regenerated
axons will not be able to reach the receptors affected by the scar interface, and other
relatively normal axons will also be misled, so that they can only re-dominate the
Wwrong scar sensory receptors or irreversibly degenerate receptors, which will lead
to impaired sensory function of shoulder joint and upper limb with loss of muscle
strength [1]. Therefore, it is particularly important to find an effective method to
improve the dysfunction after BPI.

1 IntechOpen
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In 1961, American expert liberson [2] first proposed functional electrical
stimulation (FES) therapy, which belongs to the category of neuromuscular electri-
cal stimulation (NMES). FES is mainly based on the patient’s condition to set up the
program in advance, and place the electrode on one or more groups of muscles of
the patient’s affected limb, and then the paralyzed muscles will contract under the
stimulation of a certain intensity of low-frequency pulse current, so as to induce
muscle movement or simulate normal autonomous movement (such as upper limb
grasping, lower limb walking and other functional activities) At the same time, the
repeated movement pattern information can be transmitted to the central nervous
system, forming excitement marks on the cortex, and ultimately can achieve the
purpose of restoring muscle movement and enhancing balance ability [3]. In 2015,
Elzinga et al. [4] found that nerve repair is needed after nerve injury. If the time
of nerve repair is appropriately prolonged and FES is used to stimulate motor and
sensory neurons for a long time, the speed of nerve growth can be improved, and
nerve fibers can grow into the innervated skeletal muscle accurately along the
direction of electric field. As one of the promising therapeutic technologies in the
field of modern clinical rehabilitation, FES can be used to treat BPI, play the role
of promoting regeneration of injured brachial plexus and preventing denervated
atrophy of skeletal muscle.

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

The brachial plexus is a collection of most of the nerve fibers of the 5th-8th
cervical nerve anterior branch and the 1st thoracic nerve anterior branch, usually
composed of five roots, three stems, six strands and three bundles. The 5 nerve
roots from the spinal cord exit the intervertebral foramen at the same time as they
branch out the dorsal scapular nerve (C,_s), the long thoracic nerve (Cs_;), and the
phrenic nerve (Cs.s). The five nerve roots form the superior, middle and inferior
trunks on the lateral edge of the anterior scalene muscle, among them, Cs ¢4 consti-
tutes the superior trunk, C; independently constitutes the middle trunk, and Cg-T4
constitutes the inferior trunk. Each trunk is divided into anterior and posterior
divisions above or behind the clavicle. The anterior division of the upper and
middle trunks synthesize the lateral cord, and the main branches are the lateral root
of median nerve, musculocutaneous nerve and lateral pectoral nerve; the anterior
division of the lower trunk synthesize the medial cord, and the main branches are
the medial antebrachial cutaneous nerve, ulnar nerve and medial root of median
nerve; the posterior division of the three trunks converges into the posterior cord,
the main branches are the subscapular nerve, thoracodorsal nerve, axillary nerve
and radial nerve. The three bundles enter the axillary and send out nerve branches,
which mainly control the sensory and motor functions of the upper limbs, shoulder
back and chest (Figure1) [5].

2.2 Major neural injury and its clinical expressions

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

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

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

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

3. Changes of regenerative microenvironment after brachial plexus
injury

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

3.1 Establishment of nerve regeneration channels

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

3.2 Neurotrophic factor regulation

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

3.3 Immune response

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

3.4 Inflammatory response

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

3.5 Hormonal regulation

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

4. Treatment of brachial plexus injury

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

4.1 General conservative treatment

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

4.2 Surgical treatment

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

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

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

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

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

5.2 Selection of functional electrical stimulation time

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

5.3 Selection of functional electrical stimulation parameters

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

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

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

6.2 Rehabilitation effect of functional electrical stimulation in brachial plexus
injury

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

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

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

10
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7. Physiological mechanism of functional electrical stimulation for
brachial plexus injury

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

7.1 Physiological mechanism of functional electrical stimulation promoting
nerve regeneration

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

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

7.2 Physiological mechanism of functional electrical stimulation inhibiting
skeletal muscle atrophy

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

11



Brachial Plexus Injury - New Techniques and Ideas

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

Over time, most patients with BPI will experience varying degrees of muscle
atrophy, accompanied by programmed apoptosis of denervated skeletal muscle
cells [62]. When muscle atrophy reaches a certain degree, new nerves will not be
accepted and irreversible dysfunction will occur [63]. Paillard et al. [64] and others
believe that ES can activate satellite cells and promote the expression of myoblast
related biomarkers, which can reduce the expression of ubiquitin ligase gene related
to muscle atrophy, so as to remodel muscle fibers. Honda et al. [65] found that
muscle contraction induced by ES can prevent the reduction of muscle nucleus
caused by apoptotic changes, thereby reducing the aggregation of macrophages.
These changes may prevent the signal transduction of fibroblasts into myofibro-
blasts through the IL-1p/TGF-p1 pathway, thus achieving the goal of inhibiting
muscle fibrosis and atrophy. FES can also induce mitochondrial generation,
improve mitochondrial function and prevent mitochondrial enzyme inactivation,
which can increase the energy supply of muscle cells and prevent rapid atrophy and
apoptosis of skeletal muscle [47].

8. Conclusion

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

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

BPI Brachial Plexus Injury

FES Functional Electrical Stimulation
NMES Neuromuscular Electrical Stimulation
SCs Schwann Cells

NTFs Neurotrophic Factors

NGF Nerve Growth Factor

BDNF Brain-Derived Neurotrophin Factor
NT Neurotrophin

CNTF Ciliaryneurotrophic Factor

IL Interleukin

FGF Fibroblast Growth Factor

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

TrkB Tyrosine Kinase Receptors

TNF Tumor Necrosis Factor

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

MCN Musculocutaneous Nerve

ICNs Intercostal Nerves

13



Brachial Plexus Injury - New Techniques and Ideas

TRN
MPN
ES
OBPP
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