Magnetic Resonance Materials in Physics, Biology and Medicine (2021) 34:229-239
https://doi.org/10.1007/510334-020-00867-z

RESEARCH ARTICLE q

Check for
updates

Combine contrast-enhanced 3D T2-weighted short inversion time
inversion recovery MR neurography with MR angiography at 1.5T
in the assessment of brachial plexopathy

Zhengdao Xu'® - Tonghua Zhang'® - Jianxin Chen'® . Zongbao Liu?>® - Tao Wang>*® - Yijiang Hu'

Jiahui Zhang'© . Feifei Xue'

Received: 8 March 2020 / Revised: 20 June 2020 / Accepted: 8 July 2020 / Published online: 13 July 2020
© European Society for Magnetic Resonance in Medicine and Biology (ESMRMB) 2020

Abstract

Purpose To explore the benefits of using a single injection of contrast agent at a 1.5 T system to perform both contrast-
enhanced MR angiography (MRA) and 3D-T2-STIR MR neurography (MRN) to assess of brachial plexopathy.

Methods In this prospective study, 27 patients with suspected brachial plexopathy, received an imaging procedure composed
sequentially of non-enhanced 3D-T2-STIR, CE-MRA, and contrast-enhanced 3D-T2-STIR, using a 1.5 T MR scanner. Signal
intensities and contrast ratios were compared with and without contrast agent. The non-enhanced and contrast-enhanced
3D-T2-STIR images were mixed for two experienced radiologists to rate image diagnostic quality in a blind manner. 3D
images of MRN and MRA were merged to reveal the spatial relation between brachial plexopathy and concomitant vascular
disorders.

Results By comparing the non-enhanced with contrast-enhanced 3D-T2-STIR images, it revealed that the use of the con-
trast agent in 3D-T2-STIR MRN could significantly suppress the background signals contributed by small vein (P <0.001),
lymph node (P <0.001), muscle (P <0.001) and bone (P <0.001). This improved the contrast ratios between the brachial
plexus and its surrounding tissues (P <0.001) and boosted the image’s quality score (P <0.01). Examining both CE-MRA
and 3D-T2-STIR images revealed a relatively high incidence of concurrent vascular dysfunction in brachial plexopathy, with
39% of confirmed cases accompanied with subclavian and axillary vessel abnormalities.

Conclusion Combining contrast-enhanced 3D-T2-STIR MRN with MRA at a 1.5 T system significantly suppresses back-
ground signals, improves brachial-plexus display, and provides a direct assessment for both brachial plexus lesion and sur-
rounding vascular injury.

Keywords Brachial plexus - Magnetic resonance neurography - Magnetic resonance angiography - Contrast agent - Brachial
plexopathy
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Introduction

The brachial plexus is a network of nerves that extend
from the cervical spine to the distal upper limb to provide
motor and sensory innervation [1]. Nerve lesions caused
by trauma, tumors, inflammation, radiotherapy, or thoracic
outlet syndrome often lead to brachial plexopathy, a clinical
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condition involving upper limb sensory disorders and move-
ment impairments. To characterize the cause and precise
location of brachial plexus lesion, several magnetic reso-
nance neurography (MRN) techniques have been applied in
the diagnosis of brachial plexopathy [1-5]. Among them,
3D T2-weighted short inversion time inversion recovery
(3D-T2-STIR) sequence is the most commonly used [6-9].
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With multiplanar and curved planar reconstruction com-
bined with maximum intensity projection (MIP), it can cover
the long-extension range of brachial plexus and visualize
the entire nerve course from its spinal origin to terminal
segments [1, 5]. However, there is one limitation for the
conventional 3D-T2-STIR MRN. In addition to nerve fibers
showing long-T1 and long-T?2 signal characteristics, neigh-
boring tissues such as venules, lymphatic vessels and nodes
exhibit similar MR signals, which interfere with the display
of brachial plexus and affect diagnosis accuracy. In recent
years, some new technologies, such as multi-echo 3D turbo
spin-echo modified Dixon (mDixon) sequence and mildly
diffusion-weighted sequence, have been developed for MRN
to suppress vascular signals surrounding the nerves [10-12],
but these methods are more suitable for 3 T systems. Cur-
rently, 1.5 T MR scanners are still the most commonly used
systems worldwide. Due to the difference in hardware/soft-
ware, 1.5 T MR scanners are less equipped with the afore-
mentioned sequences. Therefore, for MRN imaging obtained
at 1.5 T, reducing the interference from the neighboring tis-
sues to improve the visualization of nerves is an important
problem needing research attention. It has recently been
reported that applying a contrast agent in 3D-T2-STIR MRN
can improve the visibility of peripheral nerves [13-15].

On the other hand, the distribution of brachial plexus is
spatially proximate to that of the blood vessel system. The
nerves and blood vessels usually accompany each other as
they travel through other tissues. Such a close apposition
between the brachial plexus and vascular system makes
blood vessel dysfunction, one of the major concomitant
diseases of brachial plexus neuropathy [16—18]. It has been
noted that brachial plexopathy can be associated with arte-
rial/venous injury such as blood vessel rupture, occlusion
and compression [19, 20]. Therefore, it is necessary to
examine the brachial plexus and its adjacent arteries/veins
simultaneously for a comprehensive diagnosis of the disease.
In this regard, the conventional 3D-T2-STIR MRN is not
able to visualize the neighboring vessels for assessing their
involvement in brachial plexopathy.

Based on the above two considerations, we hypothesize
that it would be beneficial to use a single injection of con-
trast agent to carry out both contrast-enhanced 3D-T2-
STIR MRN, for better visualization of brachial plexus, and
contrast-enhanced (CE) MR angiography (MRA), to reveal
surrounding vessels simultaneously. This paper summarizes
our studies over the past 3 years and is intended to present a
systematic assessment of whether such a combined imaging
approach can significantly improve the evaluation of brachial
plexopathy with concomitant vascular diseases.
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Materials and methods

All patients were informed about imaging procedure details,
who signed a written informed consent before the exami-
nation. This study was approved by the Human Clinical
Research and Ethics Review Board of The First People’s
Hospital of Zhangjiagang City.

Subjects

This prospective study includes 27 patients with sus-
pected brachial plexopathy (10 men [mean age, 42.3 years;
range, 18—69 years] and 17 women [mean age, 45.9 years;
range, 22-71 years]; overall age: mean, 44.5 years; range,
18-71 years), who were referred for MR imaging evalua-
tion between December 2014 and December 2017. Clinical
history indicated that 9 patients suffered from upper limb
numbness, paresthesia, and weakness; 16 had neck and
shoulder trauma; 2 had masses in the shoulder. Among all
the 27 cases, clinical evaluation, which was based on clinical
charts, electrophysiological analyses, and surgical findings,
confirmed that 18 patients indeed had brachial plexopathy,
while the remaining 9 patients did not show clear evidence
for a definitive conclusion. These 18 confirmed cases, which
comprised 14 cases of trauma, 2 of tumor and 2 of tho-
racic outlet syndrome, were all unilaterally affected, with
8 patients on the left side and ten on the right side. The
clinical data and imaging findings of confirmed cases are
summarised in Supplementary Table 1.

MR imaging

All imaging experiments were performed with a 1.5 T
Avanto MR scanner (Siemens Medical System, Erlangen,
Germany). A multi-channel head-neck joint coil was com-
bined with a body matrix coil to cover the neck, shoulder
and arms. MR images were acquired in the following order,
with all acquisition parameters listed in Table 1. Step 1:
T1-sequence coronal scanning of 3D volumetric interpo-
lated breath-hold examination (VIBE) to cover the entire
brachial plexus on both sides. Step 2: coronal scanning of
non-enhanced 3D-T2-STIR used a 3D short inversion time
inversion recovery imaging sampling perfection with appli-
cation optimized contrasts using different flip angle evolu-
tions (3D-STIR SPACE) sequence. Step 3: CE-MRA. A
contrast agent, gadopentetic acid dimeglumine salt (Mag-
nevist; Bayer Pharma AG, Berlin, Germany) at a dose
of 0.15 mmol/kg, was intravenously injected at a rate of
3.0 ml/s. Right after the emerging of the aortic arch through
CARE bolus real-time monitoring, a 3D-FLASH coronal
sequence was acquired to reveal the arteries located in the
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Table 1 Scanning parameters of

N Parameter 3D-T1-VIBE 3D-STIR SPACE 3D CE-MRA
the MR pulse sequences used in
this study TR/TE/TI (ms) 7.33/2.39/... 3800/348*/180 3.2/1.18/...
Flip angle (degrees) 10 T2 var** 25
Field of view (mm) 300x 300 380380 360x 360
Matrix 256 X256 302x320 299 %352
Slice thickness (mm)/gap (mm) 1.2/0 1.4/0 1.0/0
Number of slices 104 80 96
Averages 2 1.7 1
Fat suppression Dixon STIR
GRAPPA acceleration factor 2 3 3
Receiver bandwidth (Hz/pixel) 390 504 490
Turbo factor/Echo spacing (msec) . 167/4.16
Acquisition time (min) 1:51 6:03 0:22

MR magnetic resonance, TR repetition time, TE time of echo, 77 inversion time, GRAPPA generalized auto-
calibrating partially parallel acquisition, VIBE volumetric interpolated breath hold examination, SPACE
sampling perfection with application optimized contrasts using different flip angle evolutions, STIR short
inversion time inversion recovery, CE-MRA contrast-enhanced magnetic resonance angiography

*Effective echo time was 108 ms

**The flip angle of the refocusing pulse varies across the echo train. This mode enables very long echo
trains for fast T2 weighted measurements and is optimized for specific absorption rate

neck and shoulder region. The 3D-FLASH sequence was
repeated immediately after an arterial phase scan to obtain
the venous images. Step 4: Contrast-enhanced 3D-T2-STIR
scan was performed as in Step 2. Step 5: Contrast-enhanced
3D-T1-VIBE scan was conducted as in Step 1.

Image post-processing and quantitative analysis

Coronal thin-slab MIP reformation was performed using a
GE Advantage Workstation (Version 4.5; GE Healthcare,
Buc, France), with a 10 mm slice thickness at 3 mm inter-
vals. To compare between the non-enhanced and contrast-
enhanced 3D-T2-STIR images, signal intensities of the bra-
chial plexus C7 root and its surrounding tissues, including
the C7 vertebra body, scalene muscle, paraspinal vein, and
lymph node, were measured by a radiologic technologist
(J.Z., with 6-year experience in image post-processing) in
the source images of patients’ normal healthy sides (Fig. 1).
These signal intensities were then compared for each tissue
by calculating the ratio of post-versus pre-contrast values in
percentage. Further, to evaluate the signal interference of
various tissues surrounding the brachial plexus, the contrast
ratios between the brachial plexus and other tissues were cal-
culated as follows: CR =(Signal,,,. — Signal
(Signal .. + Signal [12, 13].

surrounding tissue) /

nerve surrounding tissue)

Quality evaluation of MR images

To compare the image diagnostic quality of 3D-T2-STIR
scans, the 2 groups of non-enhanced and contrast-enhanced
images, including MIP and source formats, were mixed,

Fig. 1 Representative regions of interest (ROIs) for measuring the
signals of the brachial plexus. (1) C7 root, (2) scalene muscle, (3)
deep lateral cervical lymph node, (4) paraspinal vein and (5) C7 ver-
tebra body

yielding a random sample pool of 54 image sequences
derived from 27 patients. These image sequences were
then evaluated by two experienced radiologists (J.C. and
T.Z., with 30 and 20 years of experience) in a blind and
independent manner, without knowing the imaging acqui-
sition method, electrophysiological finding, previous diag-
nosis conclusion as well as each other’s rating score.

To rate the image diagnostic quality, a three-point grad-
ing scale was applied according to the following crite-
ria: O-point stands for poor nerve visualization, serious
interference from surrounding tissues and non-diagnostic;
1-point for moderate nerve visualization, some interfer-
ence from surrounding tissues but diagnostic; 2-point for
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excellent nerve visualization, little interference from other
tissues and completely diagnostic [10].

Combining contrast-enhanced MRN with MRA

Previous clinical studies have revealed that a significant
proportion of brachial plexopathy cases involving concur-
rent blood-vessel disorders [18, 20-22], while the diagnostic
value of MRN for vascular lesions is relatively limited. This
prompted us to review and assess the source and MIP images
of CE-MRA for all patients thereby evaluating the concomi-
tant vascular diseases. We merged 3D images of MRA with
MRN images using the 3D SynchroView software (GE
Healthcare, Buc, France) on the AW4.5 workstation. The
software automatically performed the coregistration of MRN
and MRA images according to the spatial voxel positioning,
then jointly demonstrated the brachial plexus and vascular
images. Brachial plexopathy and relevant vascular lesions
were observed from different views to reveal their spatial
relationship.

Statistical evaluation

Statistical analysis was performed using SPSS 21.0 soft-
ware (IBM, Chicago, IL, USA). A paired ¢-test was used
to compare various tissues’ signal intensities and contrast
ratios. Analysis of variance of randomized block design
was used to compare the percentage of signals acquired
with contrast agent versus without. In case a significant dif-
ference was found, a paired ¢-test with Bonferroni correc-
tion was performed for multiple testing. Wilcoxon signed-
rank test was applied to compare the three-point grading

scores of the non-enhanced and contrast-enhanced images.
P <0.05 was considered statistically significant. Kappa
inter-observer variability was used to measure the degree
of agreement between the two radiologists. Kappa <0.4,
0.4 < Kappa< 0.8, 0.8 <Kappa were considered, respec-
tively, as poor, good and excellent agreement.

Results

Quantitative analyses of the effects of contrast
enhancement

Both contrast-enhanced 3D-T2-STIR MRN and contrast-
enhanced MRA were successfully performed in all subjects
with a single injection of contrast agent. The brachial plexus
was usually not clearly visible in the pre-contrast images,
excluding the possibility of tracing the entire nerve course
(Fig. 2a). This was largely due to strong background-tissue
signals, which severely interfered with the display of bra-
chial plexus. Applying the contrast agent, however, sup-
pressed such background and improved the visibility of
brachial plexus dramatically (Fig. 2b).

In the pre-contrast images, the signal intensities for bra-
chial plexus, scalene muscle, lymph node, small vein, and
vertebra body were 92.0 +20.3, 49.6 +8.8, 141.0+27.9,
148.4+39.4, 67.3+16.9, respectively (Fig. 3a, black col-
umns). Applying the contrast agent suppressed the signal
levels of all the five tissues (Fig. 3a, grey columns), with
their signal intensities reduced to 84.8 + 18.7, 29.6 6.7,
39.4+16.8,26.1+10.1, 32.5+9.3, respectively. Compar-
ing these pre- and post-contrast signal intensities revealed

Fig.2 The effects of applying the contrast agent on 3D-T2-STIR
display of the brachial plexus. a The pre-contrast volume rendering
(VR) image showed poor visualization of brachial plexus. b Applying
the contrast agent suppressed the signals of the background-tissue, a
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clear display of brachial plexus was obtained in the post-contrast VR
image. This 29-year-old female appeared to have a normal brachial
plexus
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Fig.3 Quantitative analysis of 3D-T2-STIR images acquired with
and without contrast agent. a Signal intensity levels of the five tissues
before and after injection of the contrast agent, with P <0.001 for all
five pairs of comparison. b Percentage of signals with versus with-
out contrast agent. The contrast enhancement-induced suppression of
the brachial plexus was much less obvious than the suppression of its
four surrounding tissues (P <0.001), with the strongest suppression
occurring to small vein and lymph node. ¢ Changes of contrast ratios
between the brachial plexus and the other four tissues in 27 patients.
P <0.001 for all four pairs of pre- versus post-contrast comparison

statistically significant differences, with P<0.001 for all the
five tissues. The signals of small veins and lymph nodes
were found to be suppressed the most dramatically, with
only 15.3% and 26.7% of their pre-contrast signal remained
(Fig. 3b). The vertebra and muscle retained 46.7% and
60.5% of pre-contrast signals. On the other hand, the sup-
pressing effect on the brachial plexus was quite small, with
92.9% of signal remained. Therefore, the signal suppression

Table2 Assessment of image diagnostic quality by two independent
radiologists

Score  Radiologist #1 Radiologist #2
No. of images No. of No. of images No. of
without CA images with ~ without CA images with

CA CA

0 7 0 4 0

1 18 6 22 4

2 2 21 1 23

Total 27 27 27 27

CA contrast agent

of brachial plexus was significantly lower than those of the
other four tissues (P <0.001). As a result, introducing the
contrast agent significantly enhanced the contrast ratios
between the brachial plexus and its four surrounding tis-
sues (Fig. 3c). The enhancement was from 0.29+0.10
to 0.48+0.11 for scalene muscle, from — 0.21+0.13 to
0.39+0.15 for lymph node, from — 0.22+0.15t0 0.53+0.14
for small vein, and from 0.15+0.16 to 0.44 +0.14 for verte-
bra (P <0.001 for all four comparisons). It should be noted
that the nerve-to-vein and nerve-to-lymph contrast ratios
exhibited an even more dramatic increase, as revealed by
the much steeper slope between each patient’s pre- and post-
contrast data points in Fig. 3c.

Image diagnostic quality evaluation

The results of the image diagnostic quality analysis for all
patients are shown in Table 2. The diagnostic quality scores
in images with contrast agent (the median of the score was
2 in both readers) were significantly (P <0.01) higher than
those in images without contrast agent (the median of the
score was 1 in both readers), as reported by both readers. By
introducing a contrast agent, the image diagnostic quality
scores from both radiologists significantly improved. For
inter-observer agreement, Kappa values for images with and
without contrast agent were 0.514 and 0.465, respectively.
Applying the contrast agent revealed brachial plexus and
its lesions more clearly in the 3D-T2-STIR MRN (Figs. 4
and 5).

Combining contrast-enhanced MRN with MRA

The presence of vascular dysfunction was frequently
observed in patients with traumatic brachial plexus injury.
Of the 14 traumatic cases we examined, 6 patients showed
abnormality either in the subclavian or axillary artery
in CE-MRA images. Moreover, brachial plexus-related
tumors potentially affected peripheral blood vessels. In
one patient, we revealed the subclavian vein invasion and
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Fig.4 A 44-year-old male with a right-neck trauma 10 days before
imaging. a The swollen right-side scalene muscle (red arrowheads),
small veins (blue arrowheads), displayed high signals similar to the
nerves in the pre-contrast source image. b The high signals from the
scalene muscle and veins were completely suppressed in the post-
contrast source image, and the middle trunk of the right brachial
plexus (pink arrow) could be distinguished clearly. ¢ In the pre-con-

occlusion by metastatic tumors. These visible vascular
lesions in CE-MRA images were all clinically confirmed
in our study. Combining MRN with MRA provided a
more complete picture of the relationship between nerve
lesions and vascular diseases (Figs. 6 and 7), which was
essential for guiding subsequent treatments.

Overall, of the 18 clinical confirmed cases of brachial
plexopathy, 7 patients showed concomitant subclavian
and axillary vessel abnormalities, reaching an incidence
rate of 39%. This highlights the necessity of combining
MRN and MRA with a single injection of the contrast
agent for the diagnosis of brachial plexopathy.

@ Springer

trast MIP image, the strong background signals obscured the display
of brachial plexus. d Contrast enhancement suppressed these signals
and significantly improved nerve delineation in the post-contrast MIP
image, revealing the swelling and inhomogeneity of the upper and
middle trunks and cords of the right brachial plexus. The small black
spot of brachial plexus root displayed in (b) is the spinal ganglion
(yellow arrow)

Discussion

In this study, we demonstrate that contrast-enhanced
images of the brachial plexus with background suppression
and images of adjacent vessels can be obtained simultane-
ously after a single injection of contrast agentata 1.5 T
system. Moreover, brachial plexopathy and vascular injury
could be evaluated in parallel.

Compared with 1.5 T, 3 T systems are highly pre-
ferred for MRN imaging. A few newer types of sequences
have been developed for MRN at 3 T systems recently.
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Fig.5 A 60-year-old female with a history of breast cancer resec-
tion suffered from the numbness of her right upper limb and limited
mobility for 4 months. a The lesions in the right upper trunk of the
brachial plexus were not shown clearly in the pre-contrast source
image. b The post-contrast source image displayed a decreased signal
in the local area of the upper trunk (red arrowhead). ¢ The pre-con-

Multi-echo 3D turbo spin-echo mDixon sequence, which
integrates multi-echo chemical shift acquisitions with a
modified 3D TSE flip angle train, provides robust fat and
blood suppression [10]. 3D nerve-sheath signal increased
with inked rest-tissue rapid acquisition of relaxation imag-
ing (3D SHINKETI) is also a new sequence that suppresses
signals from blood vessels, muscles, and fat tissue using
improved motion-sensitized driven equilibrium (iMSDE)
and spectral attenuated inversion recovery [23, 24]. These
novel methods can effectively suppress background-tissue
signals, in particular, to reduce the interference of neigh-
boring veins during nerve observation. Therefore, the
new 3 T MR scanner is the top-notch equipment for MRN
imaging currently.

However, The 1.5 T MR scanners are still the most widely
used MR systems worldwide. Due to hardware and software

trast MIP image had a poor visualization of the brachial plexus and
its lesions. d The post-contrast MIP image, however, demonstrated
a filling defect area in the right upper trunk (red arrowhead), which
was presumably caused by a damage in the blood-nerve barrier due
to tumor invasion. This was confirmed by postoperative pathology
revealing that metastatic adenocarcinoma invaded the brachial plexus

limitations, the sequences mentioned above rarely can be
applied to the 1.5 T MR scanner. The conventional MRN
yields low image quality on the 1.5 T MR scanner compared
with the 3 T, but the 1.5 T MR scanner has the advantages
of lower specific absorption rate and fewer artifacts. In this
study, we used the 3D-T2-STIR sequence for MRN after
intravenous injection of contrast agent to the 1.5 T system.
The contrast-enhanced 3D-T2-STIR MRN images provide
better contrast ratios between nerve and surrounding tis-
sues compared with non-enhanced images. As an essential
quantitative imaging parameter, it was reported that the
comparisons based on contrast ratios concur well with sub-
jective visual evaluation, and the increased contrast ratios
could improve the diagnostic ability [14]. Our subjective
evaluation also confirmed that the quality of post-contrast
images was better than that of pre-contrast images. Besides,
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Fig.6 A 25-year-old male with brachial-plexus nerve root avulsion
and subclavian artery damage in the left shoulder. The images were
taken 14 days after a motorcycle accident. Contrast-enhanced 3D-T2-
STIR neurograph revealed neurotmesis in the C6-T1 roots of the left
brachial plexus as well as formation of traumatic pseudomeningocele
(as indicated by a green arrowhead in upper panel). There was wide-
spread soft tissue edema over the left shoulder. Two red arrows in
the contrast-enhanced MR angiograph (middle panel) indicate the
damage and occlusion of the left subclavian artery. The display of
the downstream axillary artery, which appeared to be much thinner
than the axillary artery on the opposite side, was due to contrast agent
entering through collateral circulation. The neurograph and angio-
graph were combined in the lower panel to show their spatial rela-
tionship

benefiting from the 3D acquisition, the axial, coronal, sagit-
tal, and oblique images can be reconstructed from source
images of the contrast-enhanced 3D-T2-STIR sequence,
facilitating the evaluation of brachial plexopathy.
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Fig.7 A 53-year-old male with brachial-plexus neurotmesis who
had an axillary artery-bypass surgery about 1 year before imaging.
Upper panel, a contrast-enhanced 3D-T2-STIR neurograph demon-
strated neurotmesis in the upper, middle and lower trunks of the right
brachial plexus, with small neuromata (yellow arrowheads) devel-
oped locally in these trunks. Middle panel, a contrast-enhanced MR
angiograph revealed that an artery-bypass graft was made to the right
axillary artery between the locations as indicated by two red arrows.
Lower panel, the neurograph and angiograph were merged to visual-
ize the spatial relationship between the graft vessel and the sites of
brachial plexus injury

The brachial plexus and some of its surrounding tissues,
like small veins, venules, lymphatic vessels, and nodes, are
characterized by a long T1 and long T2 relaxation time and
thus display high signals in the conventional non-enhanced
3D-T2-STIR images. Small veins and lymph nodes have an
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even much higher signal level than the brachial plexus, and
this explains why the conventional 3D-T2-STIR MRN usu-
ally has a strong background that obscures the nerves dis-
play. Our direct comparison between the non-enhanced and
contrast-enhanced 3D-T2-STIR images reveals that the para-
magnetic contrast agent can significantly improve the dis-
play of peripheral nerves by suppressing background-tissue
signals, which is consistent with previous studies [13-15].
Among several factors, the STIR inversion pulse of the
3D-T2-STIR sequence appears to be one major contributor
to this improvement. STIR sequence is originally designed
for fat suppression by taking advantage of fat tissue’s short
T1 relaxation time. When other non-fat background tissues
(such as small veins and lymph nodes) absorb the contrast
agent, their T1 relaxation time is shortened to be similar
to that of fat tissue [25]. With an inversion time of 180 ms
used in our 3D-T2-STIR sequence, the STIR pulse can non-
selectively suppress the signals from these background tis-
sues [26]. Meanwhile, the contrast agents also shorten the T2
relaxation time of the above tissues [25], while the TE of the
3D-T2-STIR sequence is long, with image characteristics of
the T2-weighted sequence; thus, background signals could
be further decreased.

The nerve tissue, on the contrary, absorbs little contrast
agent [27] and thus has a very limited T1 and T2 shortening
effect. Consequently, the brachial plexus can retain relatively
high signal of its pre-contrast level, whereas the signals for
small veins and lymph nodes are sharply reduced. Such a dif-
ferential shortening of relaxation time presents a mechanism
for increasing the contrast ratios between nerves and sur-
rounding tissues to improve the image’s diagnostic quality.
In the case of trauma, the injury-induced swollen muscles
also absorb more contrast agent, and its high signal would
be suppressed in the post-contrast images to avoid interfer-
ence to the nerves.

One exception for peripheral nerves is the spinal gan-
glion, where there is abundant blood circulation. The rela-
tively high absorption of contrast agent turns a ganglion
into a dark breaking point along the otherwise continuous
bright nerve trajectory [13]. On the other hand, if a contrast-
enhanced 3D-T2-STIR image reveals a nerve-darkening area
at a non-ganglion location, it is very likely that the nerve
at this location is injured. The damaged blood-nerve bar-
rier allows the entry of the contrast agent [27, 28], which
induce signals suppression from the injured nerve. This may
presumably be called “The Negative Contrast Enhancement
Effect’. In this regard, an unusual darkening area along the
nerve course can be an indicator of nerve lesion.

The brachial plexus is divided into five parts from proxi-
mal to distal end, including the roots, trunks, divisions,
cords, and branches. Among them, the division and cord
nerves run closely with the subclavian and axillary ves-
sels [29]. Any factors causing brachial plexopathy, such

as trauma and tumors, would also likely lead to concurrent
blood-vessel disorders [21, 22, 30, 31]. Under such a situa-
tion, the diagnosis of the vascular lesion can be easily over-
looked by clinical examination due to collateral circulation
compensation. However, such a vascular lesion alters blood
supply in the affected upper limb, which can have adverse
effects on the recovery and regeneration of injured brachial-
plexus nerves. Furthermore, if not treated timely, the site of
vascular damage can develop pseudoaneurysm, which would
compress the brachial plexus and cause additional pathologi-
cal changes [32]. Therefore, in the case of brachial plexopa-
thy involving trauma, tumor, and thoracic outlet syndrome,
it is essential to use CE-MRA to detect the injury, stenosis,
occlusion, and compression of adjacent blood vessels [16,
18, 33, 34]. The 3D volume-rendering display of merged
vascular and neural images can reveal the anatomical rela-
tionship between brachial plexopathy and adjacent vascular
lesion, which may provide critical information for selecting
appropriate treatment regimens; and guiding surgical opera-
tion and determining the prognosis of the disease.

Kappa values represent the degree of agreement between
observers. When the Kappa values approach to 1, the agree-
ment between the two observers is considered better. In this
study, we obtained Kappa values for images with and with-
out contrast agent as 0.514 and 0.4635, respectively. Such
Kappa values were considered good rather than excellent,
and this may be ascribed to a small overall sample size.
When the sample size is small, even a few cases of inconsist-
ency in the scores graded by the two readers decrease the
Kappa values significantly. In this study, the number of cases
in which two readers graded different scores to the images
with and without contrast agent was 4 and 6, respectively. In
the cases with different scores, the difference-value between
the scores of the two readers was 1 point, and none of the
cases had a difference-value of 2 points, implying a rela-
tively small difference in scores. Besides, the gap between
the two readers’ work experience was 10 years, and the dif-
ference in diagnosis experience might explain the discrep-
ancy in scores between them.

One potential drawback for the contrast-enhanced 3D-T2-
STIR MRN is related to the neoplastic lesion of brachial
plexus. Tumor growth is often associated with angiogenesis,
which brings in a rich supply of blood. This may lead to
the suppression of tumor signals and thereby affect tumor
detection. Therefore, we included the 3D-T1-VIBE sequence
in our study to reveal the enhancement of tumor efficiently.
Another problem is that 3D fusion of angiograph and neu-
rograph requires a patient to remain in the same body posi-
tion without movement throughout the entire imaging ses-
sion. Otherwise, anatomical dislocation and mismatch can
occur in the merged image. The five-step imaging proce-
dure employed in this study generally took about 20 min,
which can be difficult for those patients experiencing pain.
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The major time-consuming scans are the two 3D-T2-STIR
sequences taken with and without contrast agent, with each
scan lasting over 6 min. To shorten the imaging session,
the non-enhanced 3D-T2-STIR scan can be omitted, espe-
cially for non-tumor patients. Due to the small sample size,
we only included confirmed cases of brachial plexopathy
with trauma, tumor, and thoracic outlet syndrome. Con-
trast-enhanced 3D-T2-STIR MRN might be most suitable
for these lesions. A limitation of this study is the lack of
evaluation for other types of brachial plexopathy, such as
radiation-induced changes, idiopathic brachial neuritis, and
chronic inflammatory demyelinating polyneuropathy. There-
fore, follow-up studies should be directed to these types of
lesions. The safety issues associated with gadolinium-based
contrast agents such as nephrogenic systemic fibrosis, gad-
olinium deposition, also require in-depth attention. In the
future, we intend to use safer macrocyclic gadolinium-based
contrast agents such as gadobutrol instead of Magnevist (a
linear gadolinium-based contrast agent) for imaging.

In summary, the contrast-enhanced 3D-T2-STIR
sequence can selectively suppress background-tissue sig-
nals, and thereby significantly improve an image’s diag-
nostic quality. Combining contrast-enhanced neurography
with angiography at a 1.5 T MR scanner for simultane-
ous display of the brachial plexus and adjacent vessels
is a viable procedure for the diagnosis and assessment of
both brachial plexus lesions and any surrounding vascular
injury. With further optimization of scan parameters, this
combined imaging approach will have broad applications
in the clinical examination of peripheral neuropathy.
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