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Abstract

Background: Management of brachial plexopathy requires proper localization of the site and nature of nerve injury.
Nerve conduction studies and electrophysiological studies (ED) are crucial when diagnosing brachial neuropathy but
these do not determine the actual site of the lesion. Conventional MRI has been used to evaluate the brachial plexus.
Still, it carried the disadvantage of the inability to provide multi-planar images that depict the entire length of the
neural plexus It might be difficult to differentiate the brachial plexus nerves from adjacent vascular structures. Magnetic
resonance neurography (MRN) is an innovative imaging technique for direct imaging of the spinal nerves. Our study
aims to detect the additive role of MRN in the diagnosis of brachial plexopathy over ED. Forty cases of clinically
suspected and proved by clinical examination and ED—traumatic (N = 30) and non-traumatic (N = 10)—were included
in our study. We compared MRN finding with results of clinical examination and ED.

Results: MRN findings showed that the root was involved in 80% of cases, trunks in 70% of cases affecting the middle
trunk in 40% of cases, the middle and posterior cord in 25%, lateral cord in 50%, and terminal branches on 10% of
cases. Ten percent of cases were normal according to MRN, and 90% had abnormal findings in the form of
preganglionic nerve root avulsion in 30% of cases, mild perineural edema surrounding C6/7 nerve roots in 20%, lower
brachial trunk high signal in 10%, complicated with pseudo meningocele in 20%, and with increased shoulder muscle
T2 signal intensity with muscle atrophy in 10%. There were minimal differences between clinical examination finding
and MRN findings, with very good agreement between electromyography and nerve conduction (p value < 0.05, with
sensitivity and specificity values of 94.44% and 100%, respectively).

Conclusion: MRN is important in differentiating different types of nerve injuries, nerve root avulsion, and nerve edema,

playing an important role in differentiating the site of nerve injury, both preganglionic or postganglionic and planning
for treatment of the cause of nerve injury, either medical or surgical.
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Background

The brachial plexus is a network of nerves formed by
the ventral branches of the spinal nerves C5-T1 in the
posterior triangle of the neck. It is responsible for motor
and sensory innervation to the upper extremity [1, 2].
The roots of the brachial plexus are combined to form
three trunks, which were divided to form anterior and
posterior divisions. At the level of the lateral margin of
the first rib, the divisions are combined to form three
cords, which give rise to the peripheral nerves of the
upper limb in the axilla [3].

Pathology of the brachial plexus varies widely; this is
due to similar mechanisms of injury based on age. For
example, in neonates, the most common pathology is re-
lated to birth trauma. In adolescents and young adults,
pathology is often due to high-speed trauma, such as
motor vehicle accidents. In adults, neoplasms (intrinsic
or extrinsic masses) or post-radiation injury are fre-
quently the cause. Traumatic injuries to the brachial
plexus are associated with weakness and paresthesia of
the upper extremity on the affected side. A thorough
neurologic examination can be performed to localize the
injury and to help pinpoint the location of pathology [4, 5].

Conventional magnetic resonance imaging MRI is applied
to evaluate the brachial plexus. A combination of fat-
suppressed T2-weighted either frequency-selective or short
tau inversion recovery [STIR] sequences and T1-weighted
MR sequences are used, and the major disadvantage of these
sequences is their inability to provide multi-planar or projec-
tion images that cover the entire length of the neural plexus.
It may be difficult to differentiate the brachial plexus nerves
from adjacent vascular structures [6-8].

Magnetic resonance neurography (MRN) is an imaging
technique that combines MRI with specially designed
phased—array surface coils that allow for visualization of
the peripheral nerves [9]. The surface coil technology is
combined with highly effective fat-suppressed T2-
weighted MR pulse sequences to best visualize the nerves
among other soft tissues. Compared to conventional MRI
techniques, MRN features rapid image acquisition and
high resolution capable of showing the small fascicular
organization of nerves to detect different types of extra-
neural and intraneural lesions. It has been increasingly
used in assessing lesions affecting peripheral nerves,
plexus, and spinal nerve roots [10, 11].

We aim to detect the additive role of MRN in the
diagnosis of brachial plexopathy over (ED) using correl-
ation of MRI findings with the clinical and ED for better
diagnosis of the cause and injury site to improve man-
agement of these cases.

Methods
Our retrospective and descriptive cross-section study
was carried out on 40 patients who complained of motor
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weakness or sensory affection and were referred by
neurologists, neurosurgeons, or oncologists to our
radiodiagnosis department with clinical suspicion of a
brachial plexus injury from October 2018 to December
2020. The ethical committee of our institution has ap-
proved this study. We were informed of written consent
from participants. The inclusion criteria were patients
diagnosed with brachial plexopathies either by clinical
findings or positive ED findings, including postoperative
cases; the exclusion criteria were patients who had a bi-
lateral complaint, postoperative cases, patients who did
not have ED study, had any artificial metallic processes,
claustrophobia, and patients who had pain due to shoul-
der joint de-arrangement. All patients in this study were
subjected to the following:

1. Detailed history-taking including the personal history,
risk factors as hypertension, diabetes mellitus, obesity,
drug intake, smoking, and comorbid diseases including
renal, hepatic diseases, or collagen disorders. History
of trauma, radiotherapy, or operation.

2. Clinical examination: neurological examination,
motor, and a sensory evaluation by physician.

3. Investigational studies: electrophysiological studies
(ED), including nerve conduction study and
electromyography (EMG).

4. Radiological investigation: magnetic resonance
neurography (MRN)

MR image acquisition

All patients were examined with a 1.5 Tesla MR system
(GE Healthcare, New York, USA). Patients were imaged in
the supine position with arms at their sides so that the
longitudinal alignment light lies in the midline and the
horizontal alignment light passes through the level of the
sternoclavicular joints. A neurovascular (NV) phased array
coil was used. The time of examination was about 30 min.
We advised patients to avoid swallowing as possible dur-
ing examination. The head entered the scanner first.

MR sequences
Our MRN examination protocol for the evaluation of
the brachial plexus (FOVs from C 2 to T 2) was shown
in Table 1. Sagittal plane imaging for demonstration of
the mid- and distal portions of the brachial plexus, because
the nerves are seen in cross-section and their exact relation-
ship to the surrounding vascular and soft tissues structures
can be detected. Coronal plane imaging for visualization of
the supraclavicular portion of the brachial plexus allow as-
sessment of side-to-side asymmetry. Axial plane imaging al-
lows for assessment of side-to-side asymmetry for evaluation
of the long axis of the proximal nerves of the plexus.

The following sequences were taken (Table 1): coronal
T2 WI, coronal T1 WI, coronal 3D FIESTA, coronal
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Table 1 MRN examination protocol for the evaluation of the
brachial plexus (FOVs from C2 to T2)

Sequences TR TE
Coronal T2-weighted 4279.0 1034
Coronal T1-weighted 489.0 933
Coronal 3D FIESTA(SSFP). 632 34
Coronal STIR 3548 419
Axial 2D FIESTA(SSFP) FATSAT 57 266
Axial T1 526 9.8
Coronal 2D FIESTA (SSFP)FATSAT 54 25
Sagittal STIR 6099 433
Axial 3D FIESTA (SSFP). 57 2.1

TF indicates turbo factor, SPAIR spectral-attenuated inversion recovery, STIR
short tau inversion recovery, FIESTA (SSFP (steady-state free precession)
sequence, known by its different acronyms such as FIESTA (GE)

STIR, an axial 2D FIESTA FATSAT, an axial T1, coronal
2D FIESTA FATSAT, sagittal STIR, and an axial 3D
FIESTA. The most important sequence that showed the
neural anatomical details was 3D FIASTA SSFP (steady-
state free precession).

Image processing and analysis

Post-acquisition reconstruction of 3D sequences was
done including MPR (multi-planar reconstruction) and
MIP (maximum intensity projection). Two radiologists
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reviewed images of the diseased side with at least 5 years
of experience in MRN. The brachial plexus in both sides
were evaluated by examining the ganglia, roots, trunks,
divisions, and cords giving up to 16 segments for each
patient.

Statistical analysis

IBM SPSS statistics (V. 25.0, IBM Corp., USA, 2016) was
used for data analysis. The diagnostic validity tests were
done including the diagnostic sensitivity, the diagnostic
specificity, a +ve predictive value, a —ve predictive value,
and the diagnostic accuracy of the test. We used chi-
square (y2) test, Fisher’s exact (FE), and Kappa test (K)
to assess a statistically significant difference, with p value
< 0.05 considered significant. Mean values were pre-
sented +SDs. We expressed Kappa values in intervals: <
0.2 poor, 0.21-0.4 fair, 0.41-0.60 moderate, 0.61-0.80
good, 0.81-0.99 excellent, and 1 perfect.

Results

This descriptive study involved 40 (22 males (55%) and
18 females (45%)) cases of diagnosed brachial plexus in-
juries either clinically or by ED studies, and their age
ranged from 7 to 60 years with mean age 28.5 + 16.4
SD. Patients’ complaints were pain in 20 patients (50%),
muscle weakness in 12 patients (60%), and tingling in 6
cases (30%). The right-sided lesions were 24 cases (60%)

Fig. 1 A 23-year-old male patient represented by post-traumatic hypesthesia over C5 and C6 nerve distribution. The electrodiagnostic study

showed injury at the level of roots (root avulsion), preganglionic lesion, and complete degeneration of C4, C5, and C6 nerves. a Axial 3D VIESTA
image showed left preganglionic nerve root avulsion with pseudo meningocele formation. b Coronal 3D FIESTA. ¢ Sagittal STIR images showed
pseudo meningocele formation opposite to the left C5 and C6 nerve roots with perineural edema surrounding left C7 nerve root. d Coronal 3D
FIESTA FAT SAT showed decrease in the muscle bulk on the left shoulder girdle with heterogeneous muscle SI denoting its denervation (arrow)
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while left-sided lesions were 16 (40%). Time of patients
MRI examination from the beginning of complaints was
between 2 and 5 months with mean 3.77 months. The
causes of brachial plexus injury were traumatic (24
cases) (Figs. 1, 2, 3, and 4) due to nerve trauma either
congenital birth trauma or direct trauma (60%), non-
traumatic (16 cases) due to disc compression (12 cases
(30%)), or neoplastic affection either primary or meta-
static (8 cases (20%)). On the basis of clinical examin-
ation (sensory and reflexes), 24 patients were normal
and 16 patients had diminished sensation, while reflexes
were normal in 28 cases and decreased in 12 cases
(Table 2). According to ED studies, 4 (10%) cases were
normal, 36 (90%) were with abnormal findings either
nerve conduction or motor affection as follows: 20 with
abnormal nerve conduction, 4 with abnormal motor
function, and 20 with both motor and nerve conduction
abnormalities as shown in Table 3.

According to our MRN finding of brachial plexuses
segment affection tabulated in Table 4, we noticed root
involved in 80% of cases and trunks in 70% of cases and
most of them were the middle trunk, cord affection was
found in 40% of cases and involved middle, posterior
cord in 25%, lateral cord in 50%, and terminal branches
affection in 10% of cases. The most detected
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abnormalities in the muscles were muscles edema (36
cases (90%)), fatty infiltration (32 cases (80%)), and
muscle atrophy (16 cases (40%)).

MRN diagnosis of 40 studied cases of suspected
brachial plexopathy was tabulated in Table 5. This
table shows that 10% of cases (4 cases) were normal
according to MRN and 90% (36) had abnormal find-
ing in the form of complete avulsion with pseudo
meningocele and distal changes in the form of edema
of distal trunks and divisions (24), distal muscle affec-
tion in 18 cases (18/24), brachial neuritis in the form
of nerve thickening and high SI in FIASTA sequences
20% (8 cases), brachial neuritis in the form of nerve
thickening and high SI in FIASTA sequences with
distal muscle affection 20% (8 cases) as muscle edema
(high SI), decrease in the muscle bulk, and muscle
atrophy or combination of them. There was a minimal
difference between the clinical examination finding and
MRN finding regarding involved roots, trunks, cord, and
terminal branches.

When MRN findings were compared to the clinical ex-
aminations and electrophysiological studies as tabulated
in Table 6, there was a good agreement between electro-
myography, nerve conduction and MRN, MRN sensitiv-
ity, and specificity were 94.44% and 100%, respectively.

Fig. 2 A 37-year-old female patient complained of weakness of left upper limb with pain and tingling after sudden dislodgement of central
cannula. Electrodiagnostic studies showed evidence of brachial plexus lesion in the form of complete subacute axonal lesion affecting upper,
middle trunks (neurotemesis), and partial subacute axonal lesion affecting lower trunk (axonotemesis). MRN revealed a coronal STIR-weighted
image and b sagittal reconstruction STIR-weighted image. ¢, d Axial and coronal 3D FIESTA FAT SAT shows the left brachial plexus with increased
thickness with mild perineural edema due to compression with ill-defined intermuscular edema related to the thoracic inlet (arrow)
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place likely traumatic meningocele (arrow)

Fig. 3 A 15-year-old male patient had loss of function of the left upper extremity since birth Erb’s paralysis, electrodiagnostic studies suggested
post-traumatic injury at the level of roots (root avulsion) at C6 and C7. MRN revealed a coronal T2, b coronal 3D VIESTA, ¢ coronal 2D FIESTA FAT
SAT, and d axial 2D VIESTA FAT SAT obtained images show evidence of root avulsion at the level of left C6-7 root (arrow) with CSF sac seen in

Discussion

MRN is widely being accepted for nerve imaging, as it
exhibits high diagnostic performance while inspecting
brachial plexus injuries and helps in conducting further
analysis of the cause, the site, and the nature of the in-
jury [12]. In our study, we found minimal differences

between the clinical examination findings and the MRN
findings, and good agreement between electromyog-
raphy, nerve conduction, and the MRN finding, with a
sensitivity of 94.44% and a specificity of 100% (kappa
0.773, P% 0.016). Another study by Fisher et al. [13]
compared ED with MRN and showed that the ED tests

Fig. 4 A 3-year-old female child complained of left Erb’s palsy: electrodiagnostic studies suggested left total complete root avulsion of all roots
(C5, C6, C7,C8, and T1). a Coronal 3D FIESTA. ¢ Sagittal STIR showed abnormal left well-defined lobulated lesion opposite to C7 and T1 (pseudo
meningocele). b Coronal T2 showed the abnormal high signal at the left lower trunk of the brachial plexus
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Table 2 Distribution of the studied cases according to clinical
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Table 4 MRN diagnosis of studied cases (n = 40) of brachial

findings plexopathy
No % MRN diagnosis No. %

Sensory examination Normal 4 10.0
Normal 24 600  Abnormal 36 90.0
Diminished 16 40.0 Mild perineural edema surrounding C6/7 nerve roots 8 20.0
Reflexes Lower brachial trunk high signal 4 100
Normal 28 700  Preganglionic nerve root avulsion 12 30.0
Diminished 18 300 Pseudo meningocele C5/6/7 8 20.0
Increased shoulder muscle intensity with muscle atrophy 4 100

were concordant with the MRN findings in 31 (66.0%) of
47 cases. MRN imaging preceded the ED tests in 21
(44.7%) of 47 cases. Another study by Smith et al. [14]
showed that there was a greater correlation between the
MRN and physical examination findings (kappa 0.6715,
coefficient of correlation 0.7110, P < 0.001) than be-
tween the EMG and the physical examination findings
(kappa 0.5748, coefficient of correlation 0.5883, P¥%
0.0012). Contrary to our results, Du et al. [15] showed
that when MRN was compared with EMG/NCS, MRN
was found to give the same information in 29 patients
(32%), additional diagnostic information in 41 (45%), less
in 15 (17%), and a different diagnosis in 6 (7%). They ex-
plained that MRN provided less diagnostic information
when no abnormality was shown, or the area of abnor-
mality was not included in the scan (for example, if the
brachial plexus was scanned when the lesion was in the
distal ulnar nerve). This difference in the findings and
correlation between the ED studies and MRN may be at-
tributed to their use of a 3 Tesla MRI machine, while
our study used a 1.5 Tesla machine.

In our study, we found that the electrophysiological
tests were negative in 4 cases (10%) and positive in 36
(90%) confirming the MRN diagnosis. Our MRN find-
ings regarding the level of detected lesions involved as a
proportion of cases were as follows: root 80%, trunks in
70% (mainly the middle trunk), cord affection 40%,

Table 3 Distribution of the studied cases according to
electromyography and nerve conduction (n = 40)

Electromyography and nerve conduction No. %

Normal 4 10.0
Abnormal 36 90.0
At level of roots (root avulsion) 4 100
Complete subacute axonal lesion affecting 12 300

upper, middle trunks, partial subacute axonal
lesion affecting lower trunk

Total complete root avulsion of all roots 12 300
(C5,6,7,8T1)

Root avulsion (C6, 7) 4 100
Degeneration of C8-T1 roots, consequent 4 10.0

affection of median ulnar

involved middle and posterior cord in 25%, lateral cord
in 50% and terminal branches affection in 10% of cases.
The MRN study of brachial plexuses by Upadhyaya
et al., however, revealed the percentage of lesions per
case: roots in 88%, trunks in 80%, and cords in 88%. This
implies a high incidence of injury in both the proximal
and distal plexuses. Yoshida et al. [16] also showed that
the nerve root affection was founded in most patients.
The distribution of nerve root signal abnormalities and
foraminal stenosis showed a significant correlation.

Our study has been claimed that the cause of brachial
plexopathy was per number of cases: preganglionic nerve
root avulsion (30%), mild perineural edema surrounding
C6/7 nerve roots (20%), lower brachial trunk high signal
(10%), pseudo meningocele (20%), and with increased
shoulder muscle T2 signal intensity with muscle atrophy
in 10% of cases.

Upadhyaya et al.'s [17] MRN findings suggested root
avulsion in 11 patients (44%) with 31 avulsed roots. The
percentage of avulsed roots at C5, C6, C7, C8, and T1
levels was 12.9, 29.0, 32.2, 19.3, and 6.4, respectively. In

Table 5 Comparison between MRN and clinical examination
finding at different levels of brachial plexuses injury

MRN Clinical examination finding MeN,
No. % No. %
Roots involved
No 8 200 16 40.0 0.125
Yes 32 80.0 24 60.0
Trunks
No 12 300 16 40.0 0.500
Yes 28 70.0 24 60.0
Cords
No 24 60.0 24 60.0 1.000
Yes 16 40.0 16 40.0
Terminal branches
No 36 90.0 40 100.0 0.500
Yes 4 10.0 0 0.0
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Table 6 Agreement for electromyography and nerve conduction

Electromyography and nerve conduction ~ MRN diagnosis X FEp Sensitivity  Specificity
Normal (n = 4) Abnormal (n = 36)
No. % No. %

Normal 4 100.0 2 56 12503° 00167 9444 1000

Abnormal 0 0.0 34 944

K(p) 0.773'(0016") good agreement

Value of K Strength of agreement

<020 Poor

0.21-040 Fair

0.41-0.60 Moderate

0.61-0.80 Good

0.81-1.00 Very good

X2 chi-square test, FE Fisher's exact, k kappa test
*Statistically significant at p < 0.05

agreement with Gad et al. [12], Vargas et al. [1], and
Somashekar et al. [18], most of pervious MRN studies
used the traditional MR sequences (T1WI, T2WI, and
STAIR). We used new advanced sequences (3 D FIAS
TA, FIASTA FATSAT), and these sequences did not ex-
tend the time of examination by more than 6 min and
added significant value as they clarified the neural details
from the nearby vessels and improved the visualization
of the nerve along the entire pathways. We are hoping
to add it to the MRN protocol for examining nerve
pathways.

As a result of good agreement between the ED studies
and the MRN, we recommended this MRN protocol be
used in selective cases such as those with no detectable
cause for brachial plexopathy. This could include post-
operative patients or suspected tumor invasions that
need further localization and determination of the na-
ture of the lesion.

Our study had many limitations since the variations
of the types of pathology causing brachial plexopathy
result in a small sample size for each group affecting
the degree of confidence of the statistical analysis.
Histopathological evaluation and nerve biopsy are not
common, and all cases should have an ED tests be-
fore the MRN examination as it would influence the
MRN interpretation. More extensive prospective
studies to establish the efficacy of the MRN and to
explain the nature of these interesting radiological
findings are warranted.

MRN significantly impacts the diagnostic and thera-
peutic management of patients with brachial plexopathy.
It can consequently help the medical team select treat-
ment (conservative or surgical), decide the most appro-
priate time to operate, and select the surgical technique.
It also reduces operative time and thus allows for a bet-
ter prognosis for these patients.

In most cases, MRN and ED results were agreed, and
the combined anatomical and functional information
obtained were complementary. MRN is a non-invasive
imaging, and it represents a good alternative way for
diagnosis in patients who cannot tolerate EMG. The
actual utility of MRN will need to be determined.

Conclusion

MRN had an additive value to clinical examination and
ED testes in the evaluation and localization of brachial
plexus pathology, especially in cases of negative or in-
conclusive ED tests.
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