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Abstract: The clinical neurophysiological tests allow determine the type, extent, and nature of
brachial plexus damage. They are crucial in decision-making regarding surgical procedures or
conservative treatment. This report aimed to present an algorithm for rehabilitation procedures in
patients with brachial plexus injury of various origins based on the results of neurophysiology
findings for the selection of procedures supporting the process of nerve and muscle regeneration.
The research group consisted of patients whose medical documentation was analyzed concerning
the reason, level, and localization of damage to the brachial plexus structures, surgical and or
rehabilitative treatment as well as the MRI results. Among the group of ten patients, the clinical
studies showed the greatest incidence of brachial plexus injuries of the mixed (both pre- and
postganglionic), all trunks, and cervical root injuries, respectively. Results of the motor evoked
potentials (MEP) and electroneurography (ENG) recordings induced at levels of spinal roots and
Erb’s point showed a decrease more than 40% in amplitudes on the symptomatic side in comparison
to the asymptomatic side. This difference was recorded for the axillary and radial innervation and
the C5, C6, and C7 root domains, ranging from 56% to 71%; the lowest decrease was recorded
following electrical stimulation at Erb’s point for the ulnar nerve (41.5%). The latency prolongation
on the symptomatic side in CMAP and MEP tests ranged from 0.2 to 1.9 ms, the most following
magnetic stimulation of the C5 cervical root for the axillary innervation. All results indicated the
axonotmesis and neuropraxia type of injury in motor fibers (40%) confirmed by EMG results. The
sensory conduction studies (SNCS) in distal nerve branches did not confirm the severe advancement
of the brachial plexus injury (22%). The proposed algorithm of the physiotherapeutic procedures
should be mainly targeted for recovery of the motor dysfunction as the consequences of brachial
plexus injury. Rehabilitation should incorporate the treatment supporting nerve regeneration,
muscle strengthening and maintaining functional ranges of motion of the injured extremities. The
rehabilitation treatment for patients with brachial plexus injuries is an individualized process, and
the selection of procedures and the effectiveness of the treatment undertaken should be confronted
with results of neurophysiological tests verifying the motor neural transmission from the level of
the cervical motor center to the effector, peripheral nerve function, and muscle’s motor unit activity.

Keywords: brachial plexus injury; clinical neurophysiology; motor evoked potential;
electroneurography; rehabilitation algorithm

1. Introduction
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Damage to the brachial plexus is a diagnostic and therapeutic problem, resulting mainly from
its complex anatomical structure [1]. The nerve fibers forming the brachial plexus, starting from the
level of the C5-T1 spinal roots, through numerous interconnections in the form of trunks and bundles,
located distally at the level of the neck, supraclavicular fossa, and axillary fossa, create terminal
branches, which are the particular peripheral nerves. The fibers of these nerves conduct nerve
impulses responsible for motor and sensory control in the upper extremity, according to the
distribution of myotomes and dermatomes [2-5]. The complexity of the structure of the brachial
plexus in one aspect may influence the extent of the damage through the interconnections of neural
structures. However, from a clinical point of view, it may provide the basis for better regeneration
through mutual anastomosis using properly functioning structures of nerves and muscles. This is
particularly important in the case of reconstructive surgeries aimed at restoring the function of the
upper extremity, primarily in the area of elbow flexion and gripping activity of the hand. The most
common surgical procedures are muscle or nerve transfers [6-8].

Brachial plexus injuries are usually associated with the consequences of mechanical trauma,
which often accompanies multi-organ injuries, especially during traffic accidents. For this reason, the
diagnostic process of plexus damage and surgical treatment may be postponed until the patient
returns to a stable health status. The diagnostic process itself, surgical and rehabilitation treatment is
multidisciplinary [9-11].

Clinical assessment analyses the sensory perception, physiological reflexes in the upper
extremity, range of movement of the extremities, muscle tension, muscle strength, and atrophy,
compared to the asymptomatic side [12,13]. Imaging tests such as magnetic resonance imaging (MRI)
and ultrasound (USG) also provide objectivity to the clinical examination. They indicate the
morphological properties of damage to the neural structures of the plexus, its extent, and, above all,
location, as well as analyse the image of the tissues surrounding the brachial plexus, such as muscles,
tendons, and blood vessels [14-17]. Studies that complement the above diagnostic standard are
clinical neurophysiology tests used to assess the functions of the peripheral nervous system. These
include electroneurography (ENG), which assesses the activity of motor and sensory nerve fibers due
to electrical stimulus that stimulates neural structures [18]. Alternatively, a magnetic stimulus is also
used, which, due to its physical characteristics, allows the permeating of the bone tissue and activates
the neural structures [19]. This is important, especially in brachial plexus injuries at the cervical spinal
roots level or the neck described as the proximal damage. Depending on the type of damage to the
motor fibers of the brachial plexus, in the case of axonal changes that correspond to axonotmesis
according to Seddon’s classification [20], the bioelectric activity of the muscles presents the
abnormality. A test that determines the nature of muscle damage, in this case, its neurogenic
characteristic and the dynamics of these changes, such as the presence of active denervation and
reinnervation, is an elementary (needle) electromyography (EMG) [3,4,20]. The clinical
neurophysiological tests allow determine the type, extent, and nature of brachial plexus damage.
They are crucial in decisions making regarding further treatment, including surgical procedures and
conservative treatment. They also allow for prospective assessment of ongoing rehabilitation and
modification of the therapeutic protocol to optimize nerve regeneration processes and muscle
reinnervation. In the available literature, most scientific reports concern the rehabilitation process of
paediatric patients with brachial plexus paralysis [21-25] and less information regarding the targeted
rehabilitation of adults with this injury [25-30].

This report aims to present an algorithm for rehabilitation procedures in adult patients with
brachial plexus damage of various origins based on the results of clinical neurophysiology tests. The
algorithm refers to the functional state of the nerve structures of the brachial plexus and the selection
of appropriate rehabilitation techniques supporting the process of nerve regeneration and
reinnervation of the examined muscles.

Materials and Methods

2.1. Participants and Clinical Evaluation
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Fifteen subjects were enrolled in the research group. The inclusion criteria were the diagnosis of
brachial plexus damage based on clinical examination and magnetic resonance imaging. The patient’s
clinical examination and analysis of the results of imaging studies qualifying for neurophysiological
examination were performed by an orthopaedic surgeon. Exclusion criteria were pregnancy, stroke,
oncological disorders, epilepsy, metal implants in the head and spine, cardiac pacemakers, or
cochlear implants because of the use of magnetic stimulus for brachial plexus evaluation. Five
patients met the exclusion criteria from the research group. Finally, the research group consisted of
ten patients. Medical documentation was analysed concerning surgical, and rehabilitative treatment
in the research group. The anthropometric data of the patients and aetiology, type, and location of
brachial plexus injury of the study group have been determined. Ethical considerations of the study
were compliant with the Helsinki Declaration and granted by the Bioethical Committee of the
University of Medical Sciences in Poznan, Poland (resolution no. 554/17). All patients signed a written
consent form for participation in the study consisting of all information necessary to understand the
purpose of the research, the scope of diagnostic procedures, and their characteristics.

2.2. Study Design and Neurophysiological Examination

All patients were examined bilaterally once with the same neurophysiological protocol.
Magnetic and electrical stimuli were used to assess the function of the brachial plexus and the
magnetic one for the motor transmission from the cervical spinal roots. The three times stimulation
at the Erb’s point and the selected level of the cervical roots have been performed to check the
repeatability of the evoked potentials. The parameters of the compound muscle action potentials
(CMAP) recording during electroneurography (ENG) and motor evoked potentials (MEP) induced
with the magnetic field applied at the Erb’s point and also at the cervical roots were analysed.

The KeyPoint Diagnostic System (Medtronic A/S, Skevlunde, Denmark) was used for the MEP
and CMAP recordings. The external magnetic stimulus for MEP studies from the MagPro X100
magnetic stimulator (Medtronic A/S, Skovlunde, Denmark) via a circular coil (C-100, 12 cm in
diameter) was delivered. Table 1 shows technical data for the ENG and MEP studies.

Table 1. Technical data for MEP and ENG recordings.

MEP study
ENG study Erb’s point stimulation
Data . . . .
Erb’s point stimulation Cervical roots
stimulation
100% i ity, 1,7 T £
Magnetic field stream NA 00% intensity, 1, of
each pulse
Single rectangular electric stimuli/ 100 mA duration of 0.2 ms 1 Hz NA
Bipolar stimulation electrode frequency
Amplification and time base 2mV/D, 5 ms/D 20 mV/D, 5-8 ms/D
Recorder amplifier 10 Hz upper ;imd 10 kHz lower 10 Hz upper ;fmd 10 kHz
filters lower filters
Impedance Not exceeding 5kQ2 Not exceeding 5kQQ

Standard 5 mm
disposable Ag/AgCl
surface electrodes

Standard 5 mm disposable

Recording electrode Ag/AgCl surface electrodes

Active: muscle belly Active: muscle belly

Reference: muscle
Reference: muscle tendon

Recording electrode placement
tendon

Abbreviations: NA - non-applicable.

In the ENG examination, the electrical stimulation was applied at the Erb’s point over the
supraclavicular region. This point also concerns the application of magnetic stimulation. To assess
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the MEP from the cervical roots, the magnetic coil placement was 0.5 cm laterally and slightly below
the spinous process from C5 to C8. In this way, cervical roots were selectively stimulated. The same
selected muscles were used for recording MEP and CMAP and represented a specific root domain
and innervation from the terminal branches of the brachial plexus (Table 2).

Table 2. Summary of data on ENG and MEP research methodology [3,4].

Muscle Nerve Brachial Plexus Trunk Cervical Root
DP AX upper C5-C6 (C5)
BB MC upper C5-C6 (C6)
B RAD upper, middle, lower C6-C8 (C7)

ADM ULN lower C8-T1 (C8)

Abbreviations: AX — Axillary nerve; MC — Musculocutaneous nerve; RAD — Radial nerve; ULN — Ulnar nerve;
C5-C8 — cervical root levels and domain; DP — Deltoid Posterior Muscle; BB — Biceps Brachii Muscle; TB — Triceps
Brachii Muscle; ADM - Abductor Digiti Minimi Muscle.

In the case of both CMAP and MEP recordings, their values of amplitudes in 1tV and latencies
in ms of evoked potentials were analysed. Further details regarding the neurophysiological
recordings with above mentioned methods are described elsewhere [3,4,18,19].

2.3. Statistical Analysis

Statistica, version 13.1 (StatSoft, Krakow, Poland) was used for the data analysis. Descriptive
statistics were reported as minimal and maximal values (range), with mean and standard deviation
(SD). The normality distribution and homogeneity of variances were studied with the Shapiro-Wilk
test and with Levene’s test. The results from all neurophysiological tests performed on patients were
also calculated from the group of healthy subjects (control group) to achieve the normative
parameters used to compare the health status between the patients and the controls. Attention was
paid to matching patients and healthy controls’ demographic and anthropometric properties,
including sex, age, height, weight, and BMI. Results from the neurophysiological recordings have
been expressed as the percentages of the changes recorded between the symptomatic and
asymptomatic side for parameters recorded in patients. All statistical comparisons from
neurophysiological recordings on asymptomatic and symptomatic sides as well as the results of
analogical recordings in the healthy volunteers are described in other papers of our team [3,4]. The
statistical software was used to determine the required minimal sample size using the primary
outcome variable of MEP amplitude recorded following the stimulation at the Erb’s point with a
power of 80% and a significance level of 0.05 (two-tailed). The sample size software estimated that at
least 9 subjects were needed for this study to differentiate between results recorded in patients and
the results from previous studies on the healthy volunteers using the same neurophysiological
methods.

3. Results

3.1. Characteristic of Reasearch Group

Table 3 summarizes the physical examination results characterizing the research group
regarding both anthropometric features and the aetiology of the brachial plexus injury. The nature,
level, and localization of damage to the brachial plexus of the structures that constitute it, i.e., spinal
roots and trunks, were also considered.

Table 3. Characteristic of research group.

Patients
1 2 3 4 5 6 7 8 9 10
Age 34 40 25 46 37 31 39 33 48 25

Sex 1 1 1 1 1 2 1 1 1 1
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5
Height 180 176 182 194 178 170 182 177 178 176

Handedness * 1 1 1 1 1 1 1 1 1 1
Symptomatic side * 1 2 1 1 1 2 1 2 2 1
Etiology ** 2 2 2 3 3 4 2 2 3 1
Multiorgan trauma*** 1 0 1 1 0 0 1 1 0 0
Type of injury **** 3 3 3 2 3 4 3 3 2 1
C5 1 0 1 0 0 0 1 1 0 1
. .. Cé6 1 0 1 0 0 0 1 1 0 1
Cervical roots injury ***** c7 1 0 1 0 1 0 1 0 0 0
C8 1 1 0 0 1 0 1 0 0 0
BP Trunks injury ****** 1 3 3 4 2 6 1 1 2 6

Abbreviations: BP — Brachial plexus; ? - female; &' - male; *1-right, 2-left; **1-car accident, 2-motorcycle accident,
3-falls from height, shoulder girdle dislocations, 4-whiplash; ***0-absent, 1-present; ****1-preganglionic, 2-
postganglionic, 3-mix type, 4-lack of injury; *****0-absent, 1-present; ****** 1-all BP trunks, 2-superior trunk, 3-
superior trunk /middle trunk, 4-middle trunk /inferior trunk, 5-inferior trunk, 6-lack of BP trunks injury.

The research group was dominated by men (10% women only) aged 25-50. In terms of the
aetiology of brachial plexus damage, motorcycle accidents predominated in the research group,
accounting for 50%. In the remaining cases, these are falls from a height, shoulder dislocations 30%,
whiplash injuries 10%, and car accidents accounting for 10%. In 50% of the examined patients, in
addition to the brachial plexus injury, there were also diagnosed multi-organ injury, bone fractures,
disruption of the continuity of skin tissue, damage to the blood vessels of the upper extremity, and
brain-cranial injuries. The dominant type of injury was mixed-type damage concerning the level of
the cervical spinal roots, and brachial plexus trunks (60%). Postganglionic damage, only at the level
of the brachial plexus trunks, occurred in two patients, while preganglionic damage was present in
one patient. In the case of whiplash damage, the function of the spinal roots and brachial plexus
trunks did not differ from the normative.

Kinesiotherapy in the physical examination was the most frequently reported form of
rehabilitation for patients at every stage of the treatment. Active-passive and isometric muscle
exercises (strengthening exercises) were performed to increase the muscle strength and improve the
range of motion in the shoulder, elbow, and wrist joints (100% of patients). The second dominant
form of rehabilitation was the functional electrical stimulation of damaged nerves or muscles (in 80%
of patients). In addition, the patients also underwent exercises stimulating proprioception and
neuromuscular facilitation, such as the PNF method (mainly flexion, abduction and the external
rotation pattern), massage, and manual therapy of the upper extremity. A crucial aspect of the
rehabilitation process was the therapy of scars. In addition to electrostimulation, magnetotherapy,
laser therapy, and phototherapy treatments using the SOLLUX lamp were also performed. The
presented types of physiotherapeutic procedures used in the research group served as an overview
analysis of the scope of standardly used techniques in brachial plexus injuries. These studies did not
analyse their effectiveness because the therapeutic procedures used and facilities they were
performed differed.

3.2. Results of Neurophysiological Tests

Comparison of results of percentage decrease amplitude parameter concerning asymptomatic
side and values of latency parameter (ms) for both symptomatic and asymptomatic side and
percentage difference between them, using electric and magnetic stimulation at Erb’s point and
magnetic stimulation of cervical root C5-C8 is presented in data of Table 4. Basing on results of our
previous studies [3,4], they differed from those recorded in the group of healthy volunteers.

Table 4. Summary of CMAP and MEP amplitudes values (% of change) and latency results for the
symptomatic and asymptomatic side using electrical and magnetic stimulation at Erb’s point and
magnetic stimulation at the cervical roots. Mean, ranges, and standard deviations are presented.

Axillary nerve
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6
Electrical stln?ulatlon Erb’s MEP Exb’s point MEP C5
No. : point : :
patients Am;)ehtu Latency Am;)elltu Latency Am;)ehtu Latency
% Sside Aside D % Sside Aside D % Sside Aside D
1 91.0 5.2 3.9 1.3 90.0 6.3 3.7 2.6 88.0 10.7 5.2 5.5
2 88.0 4.3 3.7 0.6 54.0 4.0 35 0.5 93.0 9.0 5.2 3.8
3 80.0 3.7 3.8 RL 80.0 3.7 3.6 0.1 78.0 8.8 5.3 35
4 20.0 4.6 4.2 0.4 25.0 45 4.1 0.4 29.0 6.0 5.9 0.1
5 100.0 NR 3.8 NA 100.0 NR 40 NA 100.0 NR 44 NA
6 6.0 3.2 34 RL 6.0 33 33 0.0 0.0 5.1 4.9 0.2
7 100.0 NR 3.8 NA 100.0 NR 40 NA 100.0 NR 48 NA
8 100.0 NR 40 NA 100.0 NR 4.1 NA 100.0 NR 43 NA
9 58.0 3.9 3.7 0.2 60.0 37 35 0.2 65.0 5.8 5.6 0.2
10 24.0 3.9 3.9 0.0 22.0 4.5 3.9 0.6 62.0 5.0 4.8 0.2
0.5+0. 0.6=0. 1.9+2.
MV/SD 67.0+37.0 4.1+2.1 3.8+0.2 4 64.0+£35.9 4.3+2.2 3.8+0.3 g 72.0+33.8 7.2+3.9 5.0£0.5 1

Range 6-100 3.2-52 3.4-42 0.0-3.1 6-100 3.3-6.3 3.3-4.1 0.0-2.6 0.0-100.0 5.0-10.7 4.3-5.9 0.1-5.5
Musculocutaneous nerve

Electrical stimulation Erb’s
No point
patients Amplitu Amplitu Amplitu
de de de
% Sside Aside D % Sside Aside D % Sside Aside D

MEP Erb’s point MEP C6

Latency Latency Latency

1 97 6.8 4.6 22 90 6.1 4.5 1.6 96 7.7 6.1 1.6
2 7 4.5 4.1 0.4 21 4.9 4.0 0.9 61 7.2 5.8 14
3 75 52 5.6 RL 65 53 4.8 0.5 63 6.8 59 0.9
4 23 5.3 52 0.1 20 52 5.0 0.2 63 8.2 77 0.5
5 100 NR 41 NA 100 NR 40 NA 100 NR 56 NA
6 15 42 4.0 0.2 0 4.1 3.8 0.3 0 5.7 55 0.2
7 100 NR 40 NA 100 NR 40 NA 100 NR 6.5 NA
8 100 NR 41 NA 100 NR 40 NA 100 NR 6.8 NA
9 0 53 4.4 0.9 5 4.7 4.4 0.3 9 6.0 5.6 0.4
10 6 43 4.2 0.1 6 4.0 3.9 0.1 51 5.8 5.6 0.2

MV/SD 52.3+45.4 5.1+2.6 4.4+0.6 0'7;0' 50.7+44.1 4.9+2.4 4.3+0.4 0'6510' 64.3+36.8 6.8+3.4 6.1+0.7 0'76i0'

Range 0-100 4.2-6.8 4.0-5.6 0.1-22 0-100 4.0-6.1 3.8-5.0 0.1-1.6 0-100 5.7-8.2 5.5-7.7 0.2-1.6
Radial nerve

Electrical stimulation Erb’s
No point
patients Amplitu Amplitu Amplitu
de de de
% Sside Aside D % Sside Aside D % Sside Aside D

MEP Erb’s point MEP C7

Latency Latency Latency

1 81 7.2 44 2.8 85 6.3 6.1 0.2 89 6.9 73 NA
2 67 34 3.2 0.2 23 3.0 3.4 RL 48 7.4 6.2 1.2
3 50 4.6 3.2 1.4 58 4.5 3.9 0.6 48 7.1 73 RL
4 43 4.2 4.2 0.0 46 4.1 4.0 0.1 14 5.8 6.0 RL
5 100 NR 44 NA 100 NR 43 NA 93 NR 51 NA
6 0 3.0 29 0.1 14 3.2 3.3 RL 0 5.1 5.1 0.0
7 100 NR 45 NA 100 NR 42 NA 100 NR 71 NA
8 100 NR 46 NA 100 NR 43 NA 100 NR 58 NA
9 0 49 44 0.5 34 4.5 4.9 RL 25 6.5 6.2 0.3
10 32 42 4.1 0.1 0 4.2 4.2 0.0 45 6.8 6.2 0.6
MV/SD 57.3+38.9 4.5£2.4 4.0+0.6 0'7;0' 56+38.3 4.3+2.2 4.3+0.8 0'2;0' 56.2+37.2 6.5+3.2 6.2+0.8 O'iio'

Range 0-100 3.0-7.2 2.9-4.6 0.0-28 0-100 3.0-6.3 3.3-6.1 0.0-0.6 0-100 5.1-7.4 5.1-7.3 0.0-1.2
Ulnar nerve



https://doi.org/10.20944/preprints202402.0779.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 February 2024 doi:10.20944/preprints202402.0779.v1

Electrical stimulation Erb’s

. MEP Erb’s point MEP C8
No point
patients Amplitu Latency Amplitu Latency Amplitu Latency
de de de
% Sside Aside D % Sside Aside D % Sside Aside D
1 0,0 142 141 0.1 21.0 140 143 RL 0 160 166 RL
2 99,0 115 132 RL 98.0 114 128 RL 86 142 134 08
3 0,0 150 146 04 2.0 150 145 05 0 163 168 RL
4 43,0 177 165 1.2 35.0 170 164 0.6 71 192 187 05
5 100,0 NR 112 NA  100.0 13.0 109 21 26 145 138 0.7
6 0,0 133 128 05 3.0 120 118 0.2 9 13.1 134 RL
7 1000 NR 110 NA 1000 NR 109 NA 100 NR 160 NA
8 100,0 NR 11.3 NA  100.0 NR 111 NA 100 NR 153 NA
9 0,0 136 134 02 0.0 140 132 08 7 153 150 03
10 0,0 125 120 05 0.0 120 120 0.0 16 138 139 RL
0.5+0. 0.7+0. 0.60.
MV/SD 44.2+49.714.0+6.913.0+1.7 4 45.9+47.413.6+5.912.8+1.8 - 41.5+42.515.3+6.715.3+1.7 3
11.5- 11.0- 11.0- 10.9- 0- 13.1-  13.4-
Range = 0100 1,7 455 0112 0100 oy 0020100005 190 187 0308

Abbreviations: S side — symptomatic side; A side — asymptomatic side; NR — potential not recorded; NA — non
applicable; RL — reduced time of latency; % - percentage of loss of active axons on the symptomatic side
compared to the asymptomatic side; D - value of latency prolongation on the symptomatic side compared to the
asymptomatic side (ms); MV/SD - Mean, and standard deviation values.

The average values of the percentage decrease in the CMAP and MEP amplitude parameters on
the symptomatic side in comparison to the asymptomatic side, both in the study of electrical and
magnetic stimulation at the Erb’s point and the level of the spinal roots, show differences exceeding
40%. The difference between the symptomatic and asymptomatic side was recorded for the axillary
and radial nerves and the C5, C6, and C7 root domains, ranging from 56% to 71%. The lowest
amplitude decrease was recorded in the electrical stimulation at Erb’s point in the ulnar nerve
(41.5%). The above test results correlate with the data provided in Table 3, where the most common
injuries to the brachial plexus were the C5-C7 cervical roots and damage at the upper and middle
trunk.

In the research group, the average values of CMAP and MEP latency prolongation on the
symptomatic side in comparison with the asymptomatic side in all nerves examined ranged from 0.2
to 1.9 ms. The crucial prolongation of latency occurred in the MEP examination at the level of the C5
cervical root for the axillary nerve. The above results correlate with data on changes in the amplitude
value, where the utmost percentage loss in amplitude occurred in the MEP examination at the level
of the C5 cervical root for the axillary nerve. A decrease in the amplitude of evoked potentials
accompanied by a prolonged latency indicates mixed nerve damage (axonal-demyelinating damage
and may correspond to the axonotmesis and neuropraxia type of injury in the Seddon classification
[20].

We utilized the normative parameters of the neurophysiological studies of brachial plexus
function recorded in healthy volunteers assumed in the previous study [4] in Table 5 and compared
them with the data of latency presented in the current study.

Table 4. Normative values of the latency parameter CMAP and MEP of the examined nerves of the
brachial plexus in the control group of healthy volunteers. The data of the reference values have been
utilized from the previous studies [4].

Nerve
AX/C5 MS/Cé6 RAD/C7 ULN/8

Latency (ms)
Electrical stimulation Erb’s point 3.1+03 42+05 43+05 121+1.0
MEP Erb’s point 3.0+0.3 39+0.5 4.0+0.7 11.3+0.9
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MEP root 4.7+0.6 5.6 0.5 58+0.8 13.4+0.8

Abbreviations: AX — Axillary nerve; MC — Musculocutaneous nerve; RAD — Radial nerve; ULN — Ulnar nerve.

Table 5. Results of EMG and SNCS studies.

No. patients
1 2 3 4 5 6 7 8 9 10

EMG*

Deltoid muscle 3 3 3 4 3 4 1 1 1 3
Biceps brachii muscle 3 3 3 4 3 4 1 1 2 3
Triceps brachii muscle 3 3 2 0 3 4 1 1 4 4

First dorsal interosseus 2 3 4 2 3 4 1 1 4 4

SNCS**
Median nerve

Digit 1 2 1 2 2 1 2 0 0 1 2

Digit 2 2 1 2 2 2 2 0 0 1 2

Digit 3 2 1 2 2 2 2 0 0 2 2

Radial nerve 2 1 2 0 2 2 0 0 2 2
Ulnar nerve 1 1 2 1 2 2 0 0 1 2

Abbreviation: *type of muscle injury in EMG study: 0-lack of spontaneous activity; 1 - signs of denervation
activity; 2-neurogenic injury; 3-neurogenic injury with denervation activity ; 4 - normal bioelectric muscle
activity; **sensory component: 0-lack of sensory potential; 1-patological value of sensory potentials; 2-normal
conduction in sensory nerves.

In the CMAP and MEP examination of the axillary nerve, the mean latency values on the
symptomatic and asymptomatic sides were prolonged compared with the reference values from the
control group. Prolonged CMAP and MEP latency recorded following the stimulation of the axillary
nerve, also on the asymptomatic side, indicates a coexisting demyelinating injury (neuropraxia),
probably resulting from high overloads and forces in the mechanical properties of the injuries. The
mean latency values for the musculocutaneous nerve on the symptomatic side were also longer than
the normative values. This confirmed the above observations (Table 3, Table 4) that the most common
damage concerned the superior trunk of the brachial plexus and cervical roots C5-C7.

Figure 1 presents the application of the magnetic stimulus via the magnetic coil (A - at the Erb’s
point; B - at the cervical root level). The recordings of MEP after stimulation from the level of Erb’s
point and cervical roots are also presented.
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Figure 1. Example of CMAP and MEP recordings on the right (R) and left (L) sides and the location
of the magnetic coil during neurophysiological studies.

The table below summarizes the results of needle EMG recordings from muscles and SNCS
results of the examined nerves on the symptomatic side.

In one patient with whiplash syndrome, the EMG examination of all examined muscles and
SNCS results did not differ from the normative parameters. In the remaining patients from the
research group, the EMG examination was dominated by the symptoms of the neurogenic injury with
the signs of active denervation. This is related to the results of ENG and MEP tests, where the
percentage of loss of active axons on the symptomatic side exceeded 40%, thus demonstrating axonal
damage to the nerve (axonotmesis), which results in neurogenic changes in the muscles supplied by
the injured nerves. In the SNCS, 22% of patients had abnormal conduction values recorded in the
sensory fibers of the examined nerves, which originate mainly from the level of the upper trunk of
the brachial plexus, or no sensory evoked potentials were recorded (22%). In 56% of patients, the
conduction values were within the normal range in all tested sensory nerves. This may result from a
dominant lesion at the level of the C5-C7 spinal roots, where the excitability of the peripheral sensory
nerves may be preserved about normative values.

4. Discussion

The study results provide evidence that MEP and ENG recordings induced at levels of spinal
roots and Erb’s point in patients following the brachial plexus injury may precisely reveal the
advancement of the abnormalities in the motor neural conduction on the symptomatic side mainly
from the C5-C7 root domains. It appears that the parameter of the amplitude rather than the latency
has greater significance in an evaluation of the pathology advancement on the symptomatic side
when MEP studies are utilized. Taking into account its non-invasive and less painful properties and
high diagnostic precision it seems to be superior to the ENG method. Moreover, the study’s results
confirmed the axonotmesis and neuropraxia type of injury in motor fibers in correlation with EMG
results.
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The results of neurophysiological tests ENG, EMG, MEP and SNCS presented in this article are
consisted to our previous observations [3,4], allowing to determine the functional state of muscles
and nerves damaged at the level of the brachial plexus. The main goal of rehabilitation in patients
after the brachial plexus injury is to slow down the degeneration process and activate the
regeneration process in the nerves and reinnervation in the muscle. Nerve regeneration refers to the
proliferation of axons towards the muscle and is further associated with the process of remyelination
of previously damaged axons. However, muscle reinervation is a key process for maintaining the
function of myocytes and preventing their atrophy. Reinnervating motor units as well as those units
that have undergone axonal damage strive to reinnervate myocytes. Due to recording in
neurophysiological tests of mainly neurogenic changes with active denervation, this corresponds to
the simultaneous coexistence of both the degenerative process, resulting in axonal damage, and
reinnervation processes that take place in the muscle. The first step of physiotherapeutic procedures
is to stop this “vicious circle”. Significant atrophy of myocytes may stop the process of returning the
function of the motor unit as a functional complex [8,31-34]. Various physiotherapy techniques
(electrotherapy and kinesiotherapy) may have a positive impact on the regeneration processes, both
at the physiological and morphological phenomena in the nerves. Rehabilitation should incorporate
the treatment supporting nerve regeneration, muscle strengthening and maintaining functional
ranges of motion of the injured extemities. It comprises the neuromuscular electrical stimulation
(NMES) [12,34,35]. Contemporary researches show that NMES increases the strength of stimulated
muscles, thereby preventing atrophy while waiting for the results of axonal regeneration. A type of
electrical muscle stimulation is FES, i.e., functional electrical stimulation, which, using electrodes
placed on the damaged muscle, stimulates the sensory and motor fibers of the supplying nerve,
thereby supporting axon’s proliferation and reinnervation of the muscle [36,37]. The proprioceptive
neuromuscular facilitation method (PNF), using the patient’s exercises against the resistance of the
physiotherapist stimulates muscles to contract, and also improves muscle strength and the range of
motion of the injured extremity. Additionally, through the phenomenon of the spread of the impulses
in the spinal cord neural connections, one can notice an improvement in the parameters of muscle
activity on the opposite side [38—40]. Kinesiotherapy exercises can be used in patients with brachial
plexus injuries both as conservative treatment and after the surgical reconstructive intervention. In
the work of de Santana Chagas et al. [28] concerning the rehabilitation techniques in the case of
brachial plexus injury, they recommend the use of: passive, assisted and active exercises to increase
the range of movement, stretching exercises to improve neuromuscular control and improve the
elasticity of soft tissues, resistance and anti-gravity exercises to increase muscle strength and the use
of learned exercises in the functional training. To maintain the correct range of motion, it is important
to additionally use the manual therapy to relax hyperactive muscles, mechanically mobilize the stiff
joints, stimulate the sensory perception and to reduce the pain [41-43].

The improving of functional state in the nerves of patients following the brachial plexus
paralysis can be considered in the context of Seddon’s classification [20]. Neuropraxia, defined as
conduction block resulting from damage to the myelin sheath, is a type of demyelinating injury.
Rehabilitation procedures in this area are limited to mobilization of the structures surrounding the
blocked nerve. For this purpose, the manual therapy described above can be used, focusing on
lymphatic drainage and classic massage of the upper extremity [43,44]. However, Willand et al. [45]
proved that the use of electrical stimulation of the nerve immediately after surgical decompression
accelerates the process of axon proliferation and, consequently, the reconstruction of myelin sheath.
An axonal type of brachial plexus injury, according to Seddon, can be classified as axonotmesis and
neurotmesis. Axonotmesis refers to the disruption of axonal continuity while preserving connective
tissue, which allows for potential axonal regrowth and functional recovery. However, in the case of
neurotmesis, axonal proliferation is unlikely due to the complete disruption of the nerve structures.
Taking the above into account, in the case of axonal damage, rehabilitation procedures should
concern the post-operative stage, necessary for the nerve regeneration process [46]. For this purpose,
the previously mentioned kinesiotherapy exercises, PNF method, or manual therapy can be used. In
the literature, many researchers examine the scope of action of electrical nerve stimulation. Zuo et al.
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[47] reported that during electrical stimulation of damaged nerve fibers, through reverse conduction
of action potentials to the cell body, intraneuronal cyclic AMP increases, which affects the regulation
of genes related to nerve regenerative processes. Additional rehabilitation methods may include the
sensory re-education method based on the Homunculus theory, i.e., the representation of the hand
in the motor and sensory cortex of the brain. It involves the use of alternative types of stimuli that
excite the motor and sensory cortex to rebuild the neuronal network, restoring the proper function of
the areas supplied by the damaged peripheral nerve. An example of such therapy is mirror therapy,
based on visual-tactile stimulations, or audio-tactile interaction therapy [23,48].

One of the study’s limitations can be a low number of observations, presented only in ten
patients. However, it should be pointed out that from all examined patients with brachial plexus
injury, only some met the inclusion criteria for performing the MEP studies. A homogeneous
rehabilitation program was not used in the research group. Therefore, there is no detailed list of
kinesiotherapy and physical therapy treatments, including the characteristics of the parameters of
physical stimuli used during the patient’s rehabilitation. This limitation resulted from the lack of
detailed medical documentation related to rehabilitation procedures and the fact that each patient
had an individually selected rehabilitation program in various medical centers dealing with the
patient’s therapy. Complementing the algorithm of rehabilitation procedures would require an
increase in the size of the research group and a thorough analysis of rehabilitation procedures. Such
a comparison would allow for the creation of detailed rehabilitation guidelines for patients with
brachial plexus injuries in correlation with the results of neurophysiological tests.

There is no homogeneous rehabilitation procedures list for patients with brachial plexus injuries
(Figure 1).
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Figure 2. Proposal of the rehabilitation algorithm in patients after the brachial plexus injury based on
the neurophysiological test results presented in this study.

The rehabilitation treatment for patients with brachial plexus injuries is an individualized
process, and the selection of procedures and the effectiveness of the treatment undertaken should be
confronted with results of neurophysiological tests verifying the motor neural transmission from the
level of the cervical motor center to the effector, peripheral nerve function, and muscle’s motor unit
activity.

In the current research, the progression of functional deficits concerned the scope of innervation
and function of the deltoid and biceps brachii muscles. This corresponds to damage at the level of the
upper trunk of the brachial plexus and the axillary and musculocutaneous nerves. Depending on the
deficit range in bioelectrical muscle activity, isometric muscle exercises that demonstrate at least
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minimal voluntary activity are recommended. For other muscles that show moderate functional
deficits in EMG studies active-passive and active exercises with loading are recommended. Due to
the primarily post-ganglionic nature of the nerve damage (at the level of Erb’s point), attention should
be paid to the need for electrostimulation of the motor fibers of the brachial plexus as well as muscle
stimulation. Electrical stimulation of muscles allows for maintaining the activity of myocytes and
prevents their atrophy until regenerative processes in the nerve appear. The orientation of the
stimulation electrodes from the anode to the cathode is consistent with the orthodromic
(physiological) conduction of nerve impulses towards the effector. The sensory deficits demonstrated
in the SNCS examination should be an indication to improve proprioception in those areas of the
upper limb that showed the extent of deficits in terms of peripheral and dermatomal innervation (in
the case of damage also preganglionic at the level of the spinal roots). Activation of the upper limb
muscles also creates correct patterns of arm abduction movement, but mainly flexion in the elbow
joint and the wrist, which determines the return of motor function in the upper extremities.

Based on the results of the neurophysiological examination, the above-mentioned targeted
activities make it possible to personalize rehabilitation treatment according to the patient’s
capabilities, who, seeing the effectiveness of the therapy, also shows greater involvement in the
further treatment process.

5. Conclusions

The proposed algorithm of physiotherapeutic procedures should be focused mainly on recovery
from motor dysfunctions resulting from brachial plexus damage, according to the results of the
complex neurophysiological testing. Rehabilitation should include treatment that supports nerve
regeneration, muscle strengthening, and maintaining functional ranges of motion on the
symptomatic side. Rehabilitation treatment in patients with brachial plexus injuries is an
individualized process, and the selection of procedures and the effectiveness of the treatment
undertaken should be compared with the results of neurophysiological tests checking the motor
neuronal transmission from the level of the cervical motor center to the effector, the activity of
peripheral nerves and the activity of muscle motor units. This is guaranteed by comparative MEP,
ENG and EMG tests.
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