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Abstract

Purpose The close proximity of blood vessels to the brachial plexus nerves can confound nerve visualization in conven-
tional fat-suppressed 3D T2-weighted sequences. Vessel suppression can be accomplished by means of motion-sensitizing
preparation. The aim of this study was to qualitatively and semi-quantitatively evaluate short tau inversion recovery (STIR)
3D turbo spin echo (TSE) in conjunction with an adiabatic T2 preparation incorporating motion sensitization for magnetic
resonance neurography (MRN) of the brachial plexus in a clinical routine setting.

Methods The MRN of the brachial plexus was performed in 22 patients (age 45.5+20.3 years) with different clinical
implications using the proposed improved motion-sensitized driven equilibrium (iMSDE) STIR 3D TSE and the STIR 3D
TSE. Images were evaluated regarding image quality, overall artifacts, artifacts caused by vessel signal, signal homogeneity,
visibility of small nerves and signal contrast. Furthermore, signal-to-noise ratios (aSNR), nerve muscle contrast to noise
ratios (aNMCNR) and nerve vessel contrast to noise ratios (aNVCNR) were calculated and compared.

Results The incorporation of motion sensitization in the T2 preparation resulted in robust blood suppression across
subjects, leading to significantly higher aNVCNRs (p<0.001) and aNMCNRs (p < 0.05), increased conspicuousness of the
nerves, better vessel suppression and image quality and less artifacts compared with STIR 3D TSE (p<0.001).
Conclusion The incorporation of the proposed adiabatic iMSDE-based motion sensitization was shown to provide robust
blood suppression of vessels in close proximity to brachial plexus nerves. The use of STIR iMSDE 3D TSE can be
considered for clinical MRN examinations of the brachial plexus.
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Introduction

The brachial plexus is a network of nerves that run from
the cervical spine to the upper extremities and supply mo-
tor and sensory innervation and can be involved in multiple
disorders resulting in functional impairment of the upper
limbs. The brachial plexus can be affected by a wide va-
riety of pathologies, including traumatic injuries, spatially
invasive lesions such as hematomas or tumors, inflamma-
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tory changes, infectious diseases and degenerative changes.
The clinical differentiation of various plexopathies as well
as from cervical spine-related abnormalities often provides
a diagnostic challenge. Due to the deep location of the
plexus, electrodiagnostic tests are difficult to perform; nerve
roots and the proximal parts of the brachial plexus cannot
be assessed properly and conduction abnormalities may be
overlooked [1-4] leading to misinterpretation. Non-inva-
sive magnetic resonance neurography (MRN) has become
increasingly important in the diagnosis of brachial plex-
opathies and peripheral neuropathies [5—10].

The evaluation of the brachial plexus with MRI is
conventionally carried out using 2D fat-suppressed T2-
weighted imaging due to the high soft-tissue contrast and
more recently using 3D fat-suppressed T2-weighted imag-
ing due to the isotropic spatial resolution achieved with this
technique [11, 12]. For fat suppression in 3D imaging, short
tau inversion recovery (STIR) has been primarily used due
to the severe magnetic field inhomogeneity effects in the
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neck/shoulders region [13-16]. Although 3D techniques
result in a high spatial resolution as well as in good delin-
eation of the nerve structures, a major problem in plexus
MRN remains the immediate proximity of blood vessels
to the plexus. The conspicuous hyperintense vessel signal
in T2-weighted images can confound and obscure the vi-
sualization of nerves and can therefore limit the diagnostic
accuracy and significance of plexus MRN [17]. Vessel sig-
nal suppression in 3D MRN can be achieved by means of
an additional motion-sensitizing T2 preparation prepulse.
Improved motion-sensitized driven equilibrium (iMSDE)
preparation has been shown to improve the visualization of
nerves in various anatomical regions [18-21]. Another im-
portant consideration when employing a T2 preparation in
MRN is the sensitivity of this preparation module to trans-
mit B1 inhomogeneity effects. The purpose of the present
work was to evaluate STIR 3D turbo spin echo (TSE) in
conjunction with an adiabatic T2 preparation incorporat-
ing iIMSDE-based motion sensitization (STIR iMSDE 3D
TSE) for MRN of the brachial plexus in a clinical routine
setting in comparison to STIR 3D TSE without a motion-
sensitizing prepulse.

Material and Methods
Subjects

The study was approved by the local Institutional Review
Board and conducted in accordance with the Committee
for Human Research. A total of 22 patients, 8§ women and
14 men (mean age: 45.5+20.3 years; range: 18-87 years)
participated in this study. These patients were referred

mainly by the departments of neurology as well as neu-
rosurgery with different clinical implications. All subjects
gave written informed consent prior to their participation
in the study.

MR Protocol

The STIR iMSDE 3D TSE sequence consists of a wide-
band (WB) adiabatic inversion recovery pulse for robust
fat suppression followed by a motion-sensitizing module
for vessel suppression and a 3D TSE readout for isotropic-
resolution imaging. The WB STIR pulse consists of an adi-
abatic hyperbolic secant inversion pulse with a length of
28.5ms and a total bandwidth of 1820Hz, effectively al-
lowing fat suppression by means of inversion recovery that
is robust to B1 and BO inhomogeneities. The iMSDE prepa-
ration has a modified B;-insensitive rotation (BIR)-4 pulse
for a radiofrequency (RF) component, previously shown to
increase robustness against BO and transmit B1 effects when
applied for T2 preparation [22-25]. The modified RF con-
figuration consists of a BIR-4 pulse with gaps between the
three RF components added to fit motion-sensitizing gradi-
ents, where the total duration of the BIR-4 RF pulse without
gaps is 16 ms. The frequency sweep of the RF pulse has an
amplitude of 3800Hz. Fig. 1 shows the sequence diagram
of the STIR iMSDE 3D TSE. The sensitivity of the applied
modified BIR-4 pulse module to B1 and B0 errors was sim-
ulated with a Bloch simulation. The simulated parameters
are as follows: T1/T2: 1200/70 ms, duration of T2 prepara-
tion=32ms, B1=13.5uT, BIR-4 duration= 16 ms and BIR-
4 frequency sweep=3800Hz. The performance was simu-
lated for a frequency offset of £500Hz and from 50-120%
of the nominal B1 field.
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Fig.1 Sequence diagram of short tau inversion recovery (STIR) improved motion-sensitized driven equilibrium (iMSDE) 3D turbo spin echo

(TSE), which uses a wide band (WB) STIR pulse followed by an iMSDE preparation and a 3D TSE readout. The WB STIR pulse uses a hy-
perbolic-secant RF component for adiabatic inversion recovery and operates at maximum bandwidth for robust fat suppression in the presence of
B1 and BO inhomogeneities. After the inversion time (TI), the signal is excited by the first segment of the B1-insensitive rotation(BIR)-4 pulse.
Motion-sensitizing gradients around the refocusing BIR-4 segment dephase vessel signals. Transverse magnetization is tipped-up by the pulse’s
restoration segment and residual transverse magnetization is removed with a spoiler gradient. Conventional 3D TSE readout follows
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All acquisitions were performed with a 3T whole-
body Philips scanner (Philips Ingenia, Best, The Nether-
lands) using a 16-channel torso coil, a 20-channel head-
neck coil and the 12-channel embedded posterior coil.
All patients received the standard MR protocol for the
assessment of the brachial plexus consisting of the fol-
lowing sequences: coronal T1 weighted DIXON TSE with
and without contrast agent; axial T2 weighted TSE and
3D STIR TSE. In addition to the standard sequences,
the above described STIR iMSDE 3D TSE was applied.
The STIR 3D TSE and STIR iMSDE 3D TSE acquisi-
tions were performed coronally using the following se-
quence parameters: field of view: 250x419x220mm?
acquisition voxel: 1.49x1.49x1.50mm3; reconstruction
voxel: 0.81x0.81x0.75mm? repetition time/echo time:
2200ms/121 ms; echo train length=80; number of sig-
nal averages=2 using phase cycling for removal of free
induction decay artifacts; parallel imaging using sensitiv-
ity encoding (SENSE) with P reduction (RL)=3; S re-
duction (AP)=1.9; total scan duration: 05:47min. The
STIR 3D TSE images were acquired without and with the
above described iMSDE prepulse (TE, =32 ms; flow venc
(cm/s)=(3) 1). Total scan time of the entire protocol was
approximately 30 min.

Image Analysis and Evaluation

Apparent signal to noise ratio (aSNR), apparent nerve-mus-
cle contrast to noise ratio (aNMCNR) and apparent nerve-
vessel contrast to noise ratio (aNVCNR) were calculated
form the source images of each patient. In accordance with
Wang et al. aSNR, aNMCNR and aNVCNR were calculated
using the following equations [26]:

Signal intensity (SI) nerve

aSNR = —
Standard deviation (SD) nerve
SI nerve — SI adjacent soft tissue
aNMCNR =
SD nerve
SI nerve — SI adjacent vessel
aNVCNR =

SD nerve

The aSNR and aNMCNR were measured in three differ-
ent levels of the left brachial plexus following the C6 nerve:
“proximal” close to the nerve root of C6, “center” at the
level of the superior trunk (close to subclavian artery)
and more “distal” at the level of the lateral cord. The
aNVCNR was measured on representative perpendicular
planes, which were placed in the “center” part close to the
subclavian vessels. Regions of interests (ROIs) were placed
in the proximal, center and distal areas of the left brachial
plexus (following the C6 nerve), the adjacent soft tissue and
the subclavian vessels. The ROIs for signal measurements
were manually located.

Table1 Semiquantitative assessment scoring system regarding image quality

Score

1 2 3 4 5
Overall image Very good to per- No compromise of Acceptable diagnos- Unacceptable diag- Nerves not distin-
quality fect quality diagnostic quality tic quality nostic quality guishable

Overall artifacts

Vessel artifacts
within plexus
region

Plexus signal ho-
mogeneity

Visibility of small
nerve branches

Contrast of nerve
to surrounding
tissue

Arterial suppres-
sion

‘Venous suppres-
sion

No noticeable arti-
facts

No vessel signal

within plexus

Homogeneous

Perfect delineation

Perfect contrast

Perfect suppression

Perfect suppression

Minimal artifacts.
No compromise of
diagnostic quality
No compromise of
diagnostic quality

Homogeneous with
minor hyperintensi-
ties

Good delineation
with noticeable blur-
ring

Good contrast in
most areas

Good suppression.
No compromise of
diagnostic quality
Good suppression.
No compromise of
diagnostic quality

Acceptable diagnos-
tic quality

Acceptable diagnos-
tic quality

Homogeneous with
major hyperintensi-
ties

Delineation accept-
able for clinical eval-
uation

Few areas with insuf-
ficient contrast

Moderate suppres-
sion. Acceptable
diagnostic quality
Moderate suppres-
sion. Acceptable
diagnostic quality

Unacceptable diag-
nostic quality

Unacceptable diag-
nostic quality

Inhomogeneous

Delineation insuf-
ficient for clinical
evaluation

Many areas with
insufficient contrast

Poor suppression.
Unacceptable diag-
nostic quality

Poor suppression.
Unacceptable diag-
nostic quality

Nerve not distin-
guishable from
surrounding

Nerve not distin-
guishable from
surrounding

Nerve not distin-
guishable from
surrounding

No distinction from
background tissue

Nerve not distin-
guishable from
surrounding

No distinction from
background tissue

No distinction from
background tissue
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Fig.2 Nerve signal simulation with Bloch as a function of B1 offset
for the used B1-insensitive rotation (BIR-4) pulse. Nerve signal simu-
lated with Bloch as a function of B1 offset for the used BIR-4 pulse.
The pulse is expected to be robust in the presence of B1 offsets up to
approximately 500 Hz for even small relative B1 amplitudes

Evaluation of the quality of maximum intensity projec-
tion (MIP) images was performed independently by two
radiologists (E. K., N. S. with 3 and 2 years of experience
in MR neurography, respectively). The readers were blinded
to the clinical information of the patients, sequence param-
eters and the final radiological reports of MR neurography.
The following categories were scored using a five-point
grading scale (see Table 1): overall image quality, overall
artifacts, vessel artifacts within plexus region, plexus signal
homogeneity, visibility of small nerve branches, contrast of
nerve to surrounding tissue, arterial suppression and venous
suppression.

Fig.3 MIP images of the
brachial plexus of one represen-
tative patient. a STIR iMSDE
3D-TSE. b STIR 3D TSE. The
additional adiabatic T2 prepara-
tion incorporating iMSDE-based
motion sensitization prepulse
reveals a good suppression of
the arterial and venous vessel
signal (a), which becomes par-
ticularly obvious in regions with
an immediate proximity of blood
vessels to the plexus nerves (e. g.
clavicular region, see enlarged
insert in a)
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Statistical Analysis

Data were analyzed using IBM SPSS Statistics v. 23 (Ar-
monk, NY, USA). Rating scores were compared between
the sequences and statistically analyzed by using the non-
parametric Wilcoxon signed-rank test. Interobserver agree-
ment was determined by measuring the intraclass correla-
tion coefficients (ICCs) for the two methods for each cri-
terion. The ICC model was based on a two-way random
comparison of absolute agreement type and the coefficients
were computed with a significance level of 5%. Paired Stu-
dent’s t-tests were used to assess the differences in signal
to noise intensity ratios and contrast to noise ratios between
both STIR sequences on the same patient. p-values of less
than 0.05 were taken as statistically significant.

Results

As illustrated in Fig. 2, signal simulations show the robust-
ness of the used BIR-4 pulse in the presence of B1 offsets
up to approximately S00Hz for imaging nerves in a wide
range of B1 amplitudes (0.5-1.5 of the nominal B1 value).
Targeted MIP images of the brachial plexus of two repre-
sentative patients are shown in Figs. 3 and 4. Both STIR 3D
TSE and STIR iMSDE 3D TSE sequences show uniform
homogeneous fat suppression in the entire cervical area.
The iMDSE prepulse results in suppression of the arterial
as well as venous vessel signal enhancing the visualization
of nerve structures, which become particularly obvious in
regions with an immediate proximity of blood vessels to the
plexus nerves, e.g. clavicular region (see enlarged insert).
Compared to STIR 3D TSE, STIR iMSDE 3D TSE
yielded significantly higher aNMCNRs in the center and
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Fig.4 Targeted MIP images
of the brachial plexus in a pa-
tient suffering from paresthesia
and weakness of the left arm.
Images were acquired with
STIR iMSDE 3D TSE (a) and
STIR 3D TSE (b) showing

a hyperintense multicystic lesion
walling in the fascicles of the left
brachial plexus. Without iMSDE
prepulse (b), the vessel signal
confounds the visualization of
the nerves

30.004

C6 middle

Cé proximal Cé6 distal

25.00

20.00+4

C6 proximal Cé middle Co distal

Fig.5 Results of quantitative assessments measured on three different levels of the left C6 nerve (means + standard deviations). a Apparent signal
to noise ratio (aSNR), defined as ratio of signal mean to its standard deviation. b Apparent nerve-muscle contrast to noise ratio (aNMCNR) defined
as signal mean nerve minus signal mean adjacent soft tissue divided by standard deviation of nerve signal. blue STIR iMSDE 3D TSE, green STIR

3D TSE, * denotes statistical significant differences (p < 0.05)

distal part (close proximity to vessels) of the left brachial
plexus following the C6 nerve (14.5+6.9 vs. 9.9+4.5,
p=0.013; 10.9£5.1 vs. 7.5+ 4.2, p=0.038) and a tendency
for higher aNMCNR in the proximal part (12.1+£4.7 vs.
9.8+3.6, p=0.084); no significant differences were found
for aSNR between both sequences (Fig. 5).

Furthermore, STIR iMSDE 3D TSE yielded significantly
higher aNVCNRs than STIR 3D TSE in the analyzed re-
gions (STIR iMSDE 3D TSE: 13.27+6.70 vs. STIR 3D
TSE: 2.83+6.45; p<0.001).

The semiquantitative ratings of the two radiologists re-
vealed a better overall image quality (p=0.001), a higher
contrast of nerve signal to surrounding tissue (p<0.001),
less overall artifacts (p<0.001), less artifacts by vessel
signal (p<0.001), a higher arterial as well as a higher
venous suppression (both p<0.001) when examining the
STIR iMSDE 3D TSE compared to the STIR 3D TSE. No
significant differences were found regarding the visibility
of small nerve structures and the signal homogeneity of the
nerves (Fig. 6). The average ICC for interobserver agree-
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Fig.6 Results of the semiquantitative ratings of the two radiologists. Results are reported as mean values + standard deviations. blue STIR iMSDE
3D TSE, green STIR 3D TSE, * denotes statistical significant differences (p < 0.05), p-values refer to the results of the performed nonparametric
Wilcoxon signed-rank test comparing the ratings between the two sequences

ment was 0.86 for STIR iMSDE 3D TSE and 0.82 for STIR
3D TSE.

Discussion

In the present study we evaluated a STIR 3D TSE se-
quence in conjunction with an adiabatic T2 and motion-
sensitized preparation based on improved motion-sensitized
driven equilibrium (STIR iMSDE 3D TSE) for MRN of the
brachial plexus in a clinical routine setting. This sequence
was compared with a STIR 3D TSE without motion sensi-
tizing prepulse. It has been shown in previous studies that
with help of the vascular signal suppression obtained by
an iMSDE preparation the visualization of nerves can be
improved in various anatomical settings [18-21]. The use
of MR neurography of the brachial plexus, however, is still
challenging due to its unique anatomy and therefore its
sensitivity to BO and B1 inhomogeneities for homogenous
vessel suppression across the complete field of view [27].
These basic problems exist at all field strengths; neverthe-
less, they are more pronounced at higher magnetic field
intensity due to the increased magnitude of BO and B1 in-

@ Springer

homogeneities. The applied iMSDE sequence module was
based on a modified BIR-4 pulse, which has been expected
to be robust against these inhomogeneities occurring in the
shoulder-neck region for nerve imaging in a wide range of
B1 amplitudes leading to a stable 3D T2w imaging.

The STIR 3D TSE and STIR iMSDE 3D TSE proce-
dures were shown to provide robust high-quality fat-sup-
pressed T2w imaging of brachial plexus nerves. The homo-
geneous fat suppression delivered by the wide-band STIR
pulse employed resulted in good soft tissue contrast that,
in combination with high spatial resolution, yielded the im-
age quality necessary for the adequate assessment of the
plexus anatomy, plexopathies and peripheral neuropathies.
The additional iMSDE prepulse resulted in uniform arterial
and venous signal suppressions, enhancing the visualiza-
tion of the nerve structures of the brachial plexus in clini-
cally feasible imaging times. The present qualitative results
therefore lead to improved diagnostic reliability and accu-
racy regarding different plexopathies, which can be a major
difficulty encountered even by experienced musculoskele-
tal radiologists. The quantitative analyses resulted in STIR
iMSDE 3D TSE having significantly higher aCNRs without
significant decrease in SNR, especially in the sections with
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a close proximity of the nerves to vascular structures. This
can be explained by improved nerve to vessel contrast re-
sulting from vessel suppression. Furthermore, higher nerve
to muscle contrast is caused by a stronger T2 weighting due
to a longer effective echo time with the inclusion of the adi-
abatic iMSDE prepulse. Semiquantitative ratings performed
by two clinical radiologists resulted in a better overall im-
age quality, higher contrast of nerve signal to surrounding
tissue, less overall artifacts, less artifacts by vessel signal,
better arterial as well as better venous suppression for the
implemented iMSDE prepulse. Given the identical spatial
resolution used by the two compared sequences, no dif-
ferences were found regarding the visibility of small nerve
branches. Furthermore, nerve signal homogeneity was com-
parable between STIR 3D TSE and STIR iMSDE 3D TSE.

Our study has several limitations. Because only a small
number of patients were examined (N=22), this sequence
needs further validation in larger cohorts. Additional clini-
cal studies are required to validate the benefits of this fat and
vessel-suppressed sequence in the evaluation of different
pathologic conditions involving the brachial plexus, such as
tumors, traumatic lesions and inflammatory changes. Fur-
thermore, diagnostic comparisons to other MRN techniques
should be performed in forthcoming studies; especially a se-
quence comparison with the recently introduced modified
multi-echo Dixon 3D TSE should be considered [26]. This
sequence also provides a robust fat suppression and uses
a modified 3D TSE flip angle train for blood signal sup-
pression, which can however increase the overall motion
sensitivity of the acquisition.

In conclusion, the presented adiabatic iMSDE-prepared
STIR 3D TSE method was shown to provide robust high-
quality fat-suppressed 3D T2w imaging of brachial plexus
nerves in the presence of BO and B1 inhomogeneities in
a clinically feasible imaging time. The incorporation of
iMSDE-based motion sensitization results in robust blood
suppression of vessels in close proximity to the brachial
plexus nerves, leading to a higher contrast to noise ratio,
an increased conspicuousness of the nerves, a better image
quality and fewer artifacts. Therefore, STIR iMSDE 3D
TSE can be considered for clinical MRN examinations of
the brachial plexus.
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