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1 | INTRODUCTION

MRI of the spinal cord (SC) is an important diagnos-
tic tool for several pathologies, such as multiple sclero-
sis,! and traumatic injuries.> Accurate diagnosis requires
images with both high in-plane resolution and high
signal-to-noise ratio (SNR), the acquisition of which can
be challenging at common field strengths of 1.5 T and
3 T. Using ultrahigh field (UHF) MRI systems with a field
strength of 7T or greater, these limitations can be over-
come and image quality can be improved.> The benefits
of UHF SC MRI have been demonstrated with the visu-
alization of small anatomical structures such as nerve
roots, denticulate ligaments, or blood vessels,* resulting
in higher detection rates of lesions.®’ These potential clin-
ical benefits bring UHF MRI one step closer to a clinical
routine use for central nervous system imaging.>*?°

However, in UHF imaging, care must be taken to
address the issue of radiofrequency (RF) transmit, or B; ¥,
field inhomogeneity. At lower field strengths, the char-
acteristic RF wavelength within human tissues is greater
than that of the anatomy of interest, and the B;* field can
be considered homogeneous, or at least slowly varying. By
contrast, at 7T the wavelength in water is about 11 cm,
compared with 26 cm at 3T.1° As a result, the B;* field
in UHF imaging is inhomogeneous, which results both in
inhomogeneous signal intensity and increased local spe-
cific absorption rate (SAR).!# This limits the utility of
UHF MRI, particularly for small anatomies located deep
within the body, such as the cervical SC.

Parallel transmission (pTx) can be used to overcome
this limitation of UHF imaging. In pTx coils, multiple
transmit (Tx) elements (channels) are arranged, typically
in a circular pattern, as opposed to the single element
used at lower fields. These individual elements can be
used in circularly polarized (CP) mode, where the same
RF waveform is played out on each element, with the same
amplitude, and phase offsets such that their B; * fields con-
structively add at the center of the object. Alternatively, the
B;* field can be adjusted, or shimmed, by changing the
magnitude and/or phase of the RF waveform played out for
each element (static RF shimming) or changing the wave-
form as well (dynamic RF shimming). In the past decade,
several coils have been developed that are capable of pTx
operation,'>!¢ and RF shimming has been demonstrated
successfully for brain imaging using bespoke coils.!®-20
However, despite the proliferation of bespoke*!>21-2> and
commercially available® coils for the cervical SC, to date,
the application of RF shimming in the cervical spine at
UHF has only been preliminarily investigated.?6-%”

In this paper, we demonstrate the feasibility and util-
ity of participant-specific RF shimming for the cervical SC
using a bespoke 8-Tx/20-receive (Rx) pTx-capable cervical

spine coil. We evaluate two RF shimming approaches
provided by an MRI vendor as well as four approaches
implemented in the open-source Shimming Toolbox.?” We
characterize B, " efficiency and cerebrospinal fluid (CSF)
versus SC contrast on gradient echo (GRE) scans across the
entire c-spine and upper thoracic region.

2 | METHODS

2.1 | Acquisition protocol

2.1.1 | Participants and facilities

Five participants were scanned for this study at two sites.
Two participants (30 year-old male, 31-year-old male)
were scanned at the Montreal Neurological Institute
(MNI, Montreal, Quebec, Canada), and 3 participants
(20-year-old female, 29-year-old female, 25-year-old male)
were scanned at the Massachusetts General Hospital’s
Athinoula A. Martinos Center for Biomedical Imaging
(MGH, Charlestown, Massachusetts, USA). All data were
acquired using custom 8-Tx/20-Rx cervical SC arrays®
and 7T Magnetom Terra scanners (Siemens Healthineers,
Forchheim, Germany) equipped with 2-kW/channel
amplifiers. Informed consent was given before the scan-
ning session (study approved by the Comité d’éthique de
la recherche du Regroupement Neuroimagerie Québec for
MNI and the Mass General Brigham institutional review
board for MGH).

2.1.2 | Sequences

Three scans were first acquired using CP mode to
map the combined B;* field and enable the calcula-
tion of RF shim weights using the Shimming Toolbox:
(1) The magnitude and phase of each Tx channel
was mapped using a vendor-supplied TurboFLASH
sequence (termed “tfl_rfmap” by the vendor) with a
presaturation pulse, excitation flip angle (FA)=10°,
TR =10370ms, TE=2.42ms, 28 sagittal slices of 3-mm
thickness, 20% slice gap, 2x2mm? in-plane resolution,
FOV = 240 x 388 x 84 mm?3, covering the SC from at least
the top of C1 vertebra to the bottom of T3 vertebra. (2)
A separate TurboFLASH scan (termed “tfl_blmap”)
was acquired to map the combined RF field, using the
same orientation, matrix size, resolution, and presatura-
tion pulse as the previous sequence. (3) A 2D GRE scan
with TR =600ms, TE =2.86 ms, FA =15°, 70 axial slices
of 3-mm thickness, 0.6 x0.6mm? in-plane resolution,
FOV =230 % 225.4 x 210 mm?> was acquired to image cer-
vical anatomy, perform SC segmentation, and compare
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SC versus CSF contrast along the cervical spine across RF
shimming methods. For all scans, By shim coefficients
were calculated on a rectangular volume around the SC,
spanning between the intervertebral disks C2/C3 down to
T2/T3, and kept constant throughout the session. RF shim
weights were derived from the tfl_rfmap and GRE scans
as described in Section 2.1.3.

Following RF shim calculation, the tfl_blmap scan
and GRE scan were re-acquired for six shim conditions.
For “Vendor: Volume Specific” (referred to as “volume”
in the manuscript), the By shim volume was defined as
the region of interest (ROI) for RF shimming, and the
shim weights were calculated by the scanner using a
vendor-supplied approach. In “Vendor: Patient Specific”
(referred to as “patient”), shim weights were likewise cal-
culated by the scanner, but the ROI was defined as the
whole FOV. Both vendor-supplied approaches aimed to
minimize the coefficient of variation (CoV) within their
respective ROIs. For each participant, the reference volt-
age was kept constant during all scans. For sub-04, the
reference voltage of GRE scans was clipped at 400V to
minimize the occurrence of PALI errors.

2.1.3 | RF shim weight calculation

RF shim weights were calculated from the CP acquisi-
tions using the following procedure. Image data were
transferred to a separate laptop. The SC was segmented
from the CP mode GRE scan using the Spinal Cord Tool-
box (SCT).? The center of mass of that segmentation was
then used to create a cylindrical mask of 28-mm diameter,
within which RF shimming coefficients were estimated.
The choice of the mask size was driven empirically, based
on preliminary experiments looking at (i) the robustness
of RF shimming coefficient estimation with respect to the
number of voxels inside a mask, and (ii) the amount of
subject motion within anapproximate 1-h session. The
mask was subsequently cropped between intervertebral
disks C2/C3 and T2/T3 and then warped to the space of
the tfl_rfmap scan. Four RF shimming algorithms were
implemented in the Shimming Toolbox. The output of
each algorithm is a complex set of Tx channel weights (w)
that minimize the following expressions:

To optimize with phase-only shimming (referred to as
“phase”), the coefficient of variation (CV) of the combined
B, field was minimized within the ROI by adjusting the
phase of each Tx channel, without taking the magnitude
into account, as follows:

° < |BTPhase—on1y(W)| )

Wphase-only = aIg min (1)
+
v H ( |B1 phase—only(w)| )

where

1 phase— only(w) Z —Wn 2

and w,, = ei»
where B} _is the measured B} map of Tx channel n,and

o ([B prase_omy®)| ) and M(’Bl shase_onty )| ) are the SD

and the mean of the shimmed By (W) map, respec-
phase—only

tively. Crucially, only the phase of the B} maps is adjusted
(via w, = e/®n), whereas the amplitude is left unmodified.
To optimize for CV reduction across the cord (referred

to as “CoV”), the CV of the combined B;* field was mini-
mized by adjusting both the phase and magnitude of each

Tx channel as follows:

(Bl

Weyred = arg min (3)
v (‘Bl CVred(W)D
where
Ny 1
+ _ +
Bl cv red(W) - ; norm(w) W”Bl n (4)

and w, = A,e'®. Thus, wey,, weights are calculated to
minimize the CV by taking both the phase (via e/¢») and the
magnitude (via A,,) of each transmit channel into account.

To optimize toward a target 20 nT/V in the ROI
(referred to as “target”), a target B} amplitude (“t”) of 20
nT/V was used when determining the shim weights. 20
nT/V was chosen based on the performance of the coil as
described in Lopez-Rios et al.?>:

N,

voxels
Wearget = arg mln{ Z (|B-1F(W)| — t)z}. (5)

n

To optimize for SAR efficiency (referred to as “SAR-
eff”), the local SAR, calculated from virtual observation
points, was considered to increase the mean B} per the
square root of the maximum 10g-averaged local SAR, as
follows:

WsaR,; = arg min{SARes(w)} (6)
B+
SARgs(w) = H(| ! (W)l) s (7
maX(SARlocal(W))

where wsag . and Wi Optimized both the magnitude
and phase of each transmit channel.

After calculation, the corresponding weights were
transferred back to the scanner and applied to the corre-
sponding Tx channels. Figure 1 illustrates the workflow for
calculating RF shim weights. Total time for the RF shim
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7T MRI with 8Tx/20Rx c-spine coil

FIGURE 1

Tx dipole geometry

B, + efficiency [nT/V]

>60
40
20
0

RF shim coefficients

Channel mag phase (°)
Tx1 0.116 0.000

Tx2 0.405 -99.537
Tx3 0.319 17.631
Tx4 0.759 158.577
x5 0.531 2.592

Tx6 0.416 163.813
Tx7 0.093 81.387
Tx8 0.351 -92.824

Overview of the RF shimming procedure. The top panel shows the RF coil used for the experiments, alongside the Tx coil

geometry and the electromagnetic simulation results (performed on the Gustav model using CST Studio Suite) yielding the CP mode used for

this coil. The bottom panel shows the RF shimming procedure (with approximate duration). First, gradient echo (GRE) and tfl_rfmap scans

are acquired (4 min 30s). Second, these images are transferred via ethernet socket from the MRI console onto a separate laptop running the

Shimming Toolbox and Spinal Cord Toolbox (< 1s). Third, the spinal cord is automatically segmented to produce a mask that is resampled

into the space of the individual coil magnitude and phase images of the tfl_rfmap scan (~5s). Fourth, the RF shim weights are calculated

according to the defined constraints for each shim scenario (1 min total).

weight calculation, including data transfer, was approxi-
mately 1 min.

All processing was performed in Python using a
reproducible Jupyter Notebook (see the Data Availability
Statement). The processing pipeline was applied to each
subject’s data and took about 2h to run on Google
Colab (without paid license; 2 Xeon CPU 2.20GHz and
12GB RAM). The key processing steps are described
subsequently.

2.1.4 | Anatomical Ty*-weighted GRE

Automated segmentation of the SC was performed
with SCT’s sct_deepseg sc* on the T,*-weighted images
acquired with the “CoV” shim mode. Vertebral levels
were labeled using existing manual disc labels. Automated
disc labeling methods were not robust enough due to
the thick axial slices that caused poor appearance of the
intervertebral discs. A mask of the CSF was generated
semi-automatically: a first pass using sct_propseg (with the
flag “-CSF”),** followed by manual correction. The images
from the other shim modes were registered to the “CoV”
one using a deep learning algorithm.’! After reviewing
all processes using SCT’s quality control module,! the
magnitude signal of the CSF and the spinal cord was

extracted slice-wise between C3 and T2 levels, smoothed
(convolution with uniform filter of 50 pixels), and their
ratio was computed to assess the consistency of the FA
across different shim methods.

To create plots displaying participants with consistent
vertebral levels along the x-axis, the x-tick positions were
linearly interpolated. This interpolation was done to align
with the evenly distributed distances of vertebral levels as
defined by the PAMS50 template.3?

2.1.5 | B;* field mapping

Each tfl_blmap magnitude image (e.g., “CP,” “CoV”) was
registered to the “CoV” GRE scan using the SliceReg
algorithm.?* The computed warping field was applied to
bring the GRE’s segmentation and vertebral levels into
each respective tfl_blmap space. The tfl_blmap relative
FA map was converted into normalized units (nT/V). The
B, map values were extracted specifically within the seg-
mented spinal cord. After reviewing all processes using
SCT’s quality control module, B;* values were extracted
slice-wise between C3 and T2 levels and smoothed (con-
volution with uniform filter of 20 pixels). For each RF
shimming scenario, B;* inhomogeneity was calculated as
the CV of B; ™ values between C3 and T2.
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2.2 | Statistics

A one-way repeated-measures ANOVA was run to assess
differences between shim methods (each being acquired
on the same subjects, hence the repeated ANOVA). Post
hoc analyses were performed with paired t-tests for each
pair of shim methods and corrected for multiple compar-
isons with the Benjamini-Hochberg false discovery rate
method.

3 | RESULTS

Figure 2 shows a comparison of B; * efficiency maps across
the tested RF shimming scenarios in 1 representative sub-
ject. Both the vendor and the custom RF shimming algo-
rithms result in a markedly different B;* efficiency along
the ROI compared with CP mode. In particular, vendor
algorithms evaluated in this subject appear to favor CV at
the expense of B;* efficiency.

Figure 3 shows the GRE magnitude images across the
tested RF shimming scenarios in 1 representative subject.
When interpreting these images in concomitance with
the B;* maps from Figure 2, we notice the consistency

23.47 nT/MV
15.27%

21.56 nT/V
13.58%

20.05 nT/V
10.58%

FIGURE 2

B, * efficiency along the spinal cord between C3 and T2.

13.34 nT/V
14.87%

18.94 nT/V
10.06%",
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between a higher B, " efficiency and a higher magnitude
signal.

Both the vendor and custom RF shimming algorithms
result in a markedly different B;* efficiency along the
ROI compared with CP mode. In particular, vendor algo-
rithms evaluated in this subject appear to favor CV at the
expense of BT efficiency. As described in Table 1, across
all subjects, “patient” mode resulted in the lowest B;*
homogeneity, whereas “volume” resulted in the highest
homogeneity, and “CoV”, “phase”, “target”, and “SAReff”
shim modes showed higher B;* homogeneity than “CP”
mode, with both vendor-supplied methods showing low
B, * efficiency.

The B;* efficiency measured in the SC from C3 to T2
vertebral levels across participants is shown in Figure 4A.
Overall, we observe the same trend across participants,
with the “CP”, “CoV”, and “SAReff” shim modes showing
the highest B, * efficiency, and the “patient” and “volume”
modes showing the lowest B; * efficiency. Aggregate statis-
tics are described in Table 1 (column “B;™* efficiency”)
and confirm the observed trends. Results of ANOVA and
post hoc analyses are available as Table S1. An intrigu-
ing observation is that for sub-02, and to a lesser extent
in sub-04, the “target” algorithm failed to achieve its goal

volume

patient

10.39 nT/V
7.89%

24.12 nT/V
12.57%

B, * efficiency for one participant (sub-05) across all seven RF shimming conditions. The top left panel shows the tfl_blmap
magnitude image with an overlay of the mask that was used to perform RF shimming. Text inserts show the mean (in nT/V) and CV (in %) of
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FIGURE 3

patient

Gradient echo (GRE) magnitude signal intensity for one participant (sub-05) across RF shimming conditions. The

colormap adjustment is the same across all images. The differences in B, * efficiency along the cord between the various RF shimming

conditions results in signal intensity differences. Visual contrast between CSF and spinal cord (SC) is affected, with “volume” showing poor

visual contrast compared with, for example, the “CP” or “SAReff” modes.

TABLE 1

Summary statistics of B;* homogeneity (lower is better), B, * efficiency (higher is better), and CSF/cord contrast (higher is
better) in the spinal cord between C3 and T2 vertebral levels (included).

B, * homogeneity [%] B, " efficiency [nT/V] CSF/Cord contrast

Shim mode 100 x (SD/Mean) Mean SD Mean SD

Cp 17.69 +4.28 23.09+4.17 3.90+0.90 1.20 £0.04 0.03 +£0.02
Patient 20.72+9.76 12.62 +2.93 2.26 +£0.32 1.23+0.04 0.03 +£0.02
Volume 9.08 +1.54 12.18 +2.84 1.40+0.43 1.25+0.05 0.02+0.01
Phase 12.11 +1.15 20.22+3.83 2.33+0.40 1.24+0.04 0.01 + 0.01
CoV 11.32+1.08 20.25+6.78 2.18 +0.67 1.27 +0.03 0.01 +0.01
Target 11.17 +1.52 17.63 +3.16 1.92+0.32 1.24 £0.02 0.02 +0.01
SAReff 16.02 +3.40 23.28 +5.53 3.36 +0.41 1.19+0.05 0.02+0.02

Note: The mean and SD, respectively, correspond to the average and standard deviation computed along the spinal cord of each participant. Each cell represents

the mean + standard deviation across participants. The best values are highlighted in bold.

of a 20 nT/V average. Conversely, the “SAReff” algorithm
appeared to come closer to this mean value. Looking at
the online output from Shimming Toolbox, for sub-02 and
sub-04, the mean B, * within the SC were, respectively, 19.3
nTand 19.0 nT/V, which is close to the target. However, the
RFshim ROI was based on a noisy and aggressively masked
tfl_rfmap sequence, whereas the evaluation ROI was based

on the tfl_bImap, which could explain the discrepancies
between the target versus measured B, values.

Figure 4B shows the CSF-to-SC ratio measured from
the GRE scan in the SC from C3 to T2 vertebral levels
across participants. Overall, we observe the same trend
across participants, with the “CoV”, “volume”, and “tar-
get” shim modes showing the highest CSF/SC contrast,
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scan (B) across subjects and across different RF
shimming conditions. Data were measured in
the spinal cord from C3 to T2 vertebral levels.
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and the T2-T3 intervertebral discs of each
subject were aligned with that of the PAM50
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and the “SAReft” and “CP” modes showing the lowest con-
trast. Aggregate statistics are described in Table 1 (column
“CSF/cord contrast”) and confirm the observed trends.
Results of ANOVA and post hoc analysis are available as
Table S2.

4 | DISCUSSION AND
CONCLUSIONS

To make full use of the benefits of 7 T MRI for SC imaging,
the inherent drawback of B;* field inhomogeneity needs
to be overcome. In this work, we presented the feasibil-
ity and utility of using static RF shimming for SC imaging
across two 7 T systems. Several vendor-based and auto-
matic ROI-customized shim algorithms were evaluated.

4.1 | Evaluation metrics

Before delving into method comparisons, it is essential to
first outline the evaluation metrics used. The first met-
ric, Tx homogeneity, reflects the variability of the B, * field
within the target imaging region. Achieving uniform FAs
across this ROI is crucial, notably to ensure a consistent
contrast throughout the ROI.

Generally, enhancing B; * homogeneity is possible with
increased input power, although hardware limitations,
such as the maximum capacities of the RF amplifier for
peak and average power, cap this improvement. This leads
to our second metric, Tx efficiency, which gauges the
efficacy of the RF field produced in the specified region
relative to the input power.

The third metric involves the CSF/cord contrast
derived from a GRE magnitude image. This is a particu-
larly pragmatic metric, because the contrast between CSF
and the SC is crucial for subsequent image analyses and
interpretations, such as the precise segmentation of the SC
to measure indicators of conditions like cord atrophy. Ide-
ally, if both tissues are subjected to the same FA, the con-
trast should remain constant along the superior-inferior
(S-I) direction. Thus, examining variations in CSF/cord
contrast along the S-I direction offers an indirect mea-
sure of B;* homogeneity. Although the average CSF/cord
contrast along the S-I axis is also significant, it is influ-
enced by the T, relaxation properties of the tissues and
the FA that optimizes contrast. Consequently, if the GRE
scans were conducted with a higher or lower FA, the aver-
age contrast for each evaluated shimming method could
have varied. Because the optimal FA for maximizing con-
trast was not established in this study, conclusions cannot
be drawn about the shimming method that maximizes
contrast. Instead, evaluations should concentrate on the

variations in contrast along the S-I axis, as this serves as an
indicator of B;* homogeneity.

4.2 | Comparison of RF shimming
methods

Vendor-based approaches (“patient,” “volume”) were
restricted by the possibility to optimize the ROI within
which RF shim coefficients are calculated. In the “pa-
tient” approach, the optimization ROI is the full FOV,
which leads to an inhomogeneous excitation within the
cord (Table 1), whereas in the “volume” approach, a rect-
angular ROI can be specified and resulted in the best
B;* homogeneity across all methods. However, a rect-
angle is an imperfect fit for the anatomy of the spinal
cord. The cervical SC is naturally curved and surrounded
by other tissues and the trachea. Within this study, we
found it challenging to draw a rectangle that included
all of the SC but did not include any air or surround-
ing tissue, thereby biasing the shimming algorithm. The
comparison of RF shim performance between a rectangu-
lar ROI and an ROI that tightly follows the curvature of
the spine is illustrated on Figure S1. Another drawback
of vendor solutions is the opaque nature of the shim-
ming algorithm and its cost function. We observed that
the “volume” approach tended to improve B;* homogene-
ity at the cost of B;* efficiency, whereas the “patient”
approach performed poorly for both B;* homogeneity
and efficiency.

Custom RF shimming methods (“CoV”, “phase”,
“target”, and “SAReft”) implemented in the vendor-
agnostic Shimming Toolbox can overcome these limita-
tions. The “CoV” method produced the highest CSF/SC
contrast on T,*-weighted scans, and the lowest variation
of that contrast along the S-I axis. Using the Spinal Cord
Toolbox, the SC can be segmented to derive an ROI that
tightly fits the cord area for an optimal calculation of
RF shimming coefficients. Previous studies undertook a
similar segmentation based approach for optimizing By
shimming in the SC.?”-** The optimization algorithms and
their cost functions implemented in Shimming Toolbox are
fully open source and transparent to the user and could be
extended or modified at will.

We observed that changes in B; * efficiency and homo-
geneity result in similar changes in visual image quality,
with low-efficiency RF shim methods (“volume”) result-
ing in less apparent signal, whereas high-efficiency meth-
ods (“SAReff”, “CoV”) result in more apparent signal in
GRE scans. B;* homogeneity influenced the variation of
CSF/SC contrast, thus the “CoV?”, due to its high efficiency
and homogeneity, the highest contrast showed the least
variation.
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Patient motion, particularly motion between the scans
used to map the B;* field and the acquisition of RF
shimmed scans, was a potential source of errors in our
study. Although patient motion was minimized using
careful instruction and immobilization during our study,
it was not actively mitigated. To minimize the poten-
tial impact, a large, 28-mm-diameter mask was cho-
sen for RF shimming. Post-scan visual inspection of
the GRE scans revealed that the SC was within this
mask for all RF shimming scenarios and all partici-
pants.

The performance of the “CP” mode was similar to that
of the patient-specific “SAReff” method, which is likely
because the “CP” mode of both coils was calculated to
maximize B;* efficiency. However, what we did find sur-
prising, is how good the “CP” mode was across all subjects
(for both sites), despite it being fixed across subjects. We
would have expected better performance for the “SAReft”
model, as it provides personalized shim solutions for each
individual. This suggests interesting follow-up research
hypotheses: Are personalized shim solutions not as good
in practice because of the difficulty in obtaining robust
and reliable B;* maps? Is it because of excessive noise
and/or subject motion? Given how good performances are
on “CP” mode across subjects, does that suggest that shim
solutions based on universal pulses would be a promising
solution for spinal cord applications at 7T (see also the
following discussion)?

4.3 | Differences between sites

We noticed some differences between sites. Notably, the
CSF/cord contrast (Figure 4B) curves are fairly similar
within sites (MGH, sub-01, sub-02, and sub-03; MNI,
sub-04 and sub-05), but the trends are different between
the two sites. More specifically, for MGH subjects, the
contrast is increasing toward the lower vertebral levels,
whereas the MNI subjects show the opposite trends.
Despite the two sites being equipped with a coil that
followed the same design and construction protocol, espe-
cially in terms of Tx dipole sizes and locations, the two
coils are not exactly the same. Essentially, the MNI coil
housing has two layers of dielectric materials (total thick-
ness: 6.2 mm) between the Tx and Rx arrays, which were
removed from the MGH design. However, the measured
S-parameters and the simulated electromagnetic fields are
very similar between both coils.

Other possible sources of discrepancies between the
two sites include the subjects’ body mass index (sub-04 and
sub-05 are larger), positioning (sub-04 and sub-05 show
exhibit more lordosis), and breathing (sub-04 and sub-05
exhibit more respiratory-related artifacts), which could
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have affected the reliability of the B;™ maps, especially in
the upper thoracic levels.

4.4 | Limitations and future studies

In this study, we used a configuration of eight transmit
dipoles positioned in a single row around the neck area.
Research suggests that a design incorporating multiple
rows of transmit elements, similar to those used in ear-
lier C-spine coil designs,!® has the potential to significantly
enhance RF shimming due to the better complementarity
of coil elements along the S-I axis.?>3¢ Expanding cover-
age areas, such as the head and neck, would largely benefit
from a 16-channel Tx system, as shown by May et al.’’
However, such a system would incur higher costs.

Evaluation of the different shim approaches in terms of
SAR was not part of our study, and SAR information was
not collected at MGH. For comparison, we show the SAR
of the GRE scans for our representative subject (sub-05) in
Table S3. We observe that “volume” resulted in the lowest
head-only 10-s averaged SAR, whereas “patient” resulted
in the second-highest SAR, following “SAReff.” Further
studies may investigate the effects of RF shimming on SAR,
based on electromagnetic simulations and scanner side
measurements.

The current workflow of the Shimming Toolbox would
benefit from better interoperability with vendor-specific
consoles, especially to reduce time required for data trans-
fer. Nonetheless, the proprietary nature of vendor soft-
ware poses a challenge to achieving transparent and
cross-platform reproducibility. In this context, the develop-
ment of vendor-neutral acquisition platforms3®3 offers a
promising solution by facilitating a more open and interop-
erable environment for research and clinical applications.

Another consideration is the choice of B;* mapping
sequence. Here, we used the TurboFLASH sequence,
which offers fast acquisition times at the cost of sensitivity
to motion, susceptibility artifacts, and a limited dynamic
range for B;* field strength measurement, affecting its
accuracy and reliability in certain scenarios. Alternative
sequences can be explored and compared in future stud-
ies for SC applications, such as the dual excitation angle
method (DREAM),* the actual flip-angle imaging (AFT).*!

Slice-wise RF shimming would also be an interest-
ing avenue for the SC, as demonstrated in the brain,?
especially for sequences acquired axially with large slice
thicknesses, as is often the case in quantitative MRI SC
protocols.

Our study focused on tailoring the B;* field to the
individual participants to achieve specific B;* constraints
(homogeneity, target B;* value, minimum SAR, etc.).
A complementary approach can be found in Universal
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Pulses,*> where instead of participant-specific tailoring,
pulses are designed to create homogeneous excitation
across a wide range of participants. Universal Pulses
have been demonstrated for imaging the brain,** heart,*3
and SC.#4

In conclusion, this study compared various RF shim-
ming methods for SC imaging at 7T, across two different
sites. The “CP”, “CoV”, and “SAReff” shim modes showed
the highest B, " efficiency, and the vendor-based “patient”
and “volume” modes showed the lowest B;* efficiency.
The “CoV” method produced the highest CSF/cord con-
trast on T,*-weighted scans. The study’s findings highlight
the potential of RF shimming to advance 7T MRT’s clini-
cal utility for central nervous system imaging by enabling
more homogenous and efficient SC imaging. Future stud-
ies may explore the feasibility of applying static RF shim-
ming to other UHF MRI that are adversely affected by
signal inhomogeneity, such as functional MRI.#6
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The MRI data used in this study are available on
OpenNeuro  (https://openneuro.org/datasets/ds004906
/versions/2.4.0). The data were organized following the
BIDS convention for quantitative MRI.*’*% Briefly, the
data-set structure consists of multiple subdirectories,
each corresponding to a different subject (e.g., sub-01,
sub-02). Within each subject’s directory, the data are
further organized into anatomical (anat) and B;* field
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various T;-weighted and T,*-weighted images, whereas
the field-mapping scans contain TB1 TurboFLASH and
other types of images. Each scan type is saved in NIfTI
format (.nii.gz). All figures from Section 3 can be repro-
duced directly from the data with the Jupyter notebook
available at https://github.com/shimming-toolbox/rf
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-shimming-7t/tree/r20240528, which has been published
as a NeuroLibre reproducible preprint.*°

ENDNOTE

"https://spinalcordtoolbox.com/user_section/command-line.html
#sct-qc.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Table S1. Statistical results for B;* mapping.
Repeated ANOVA with post hoc paired ¢-test, with
Benjamini-Hochberg false discovery rate (FDR) correc-
tion. Statistically significant differences (p <0.05) are set
in bold.

Table S2. Statistical results for CSF/spinal cord (SC)
T2starw signal. Repeated ANOVA with post hoc paired
t-test, with Benjamini-Hochberg false discovery rate
(FDR) correction. Statistically significant differences
(p <0.05) are set in bold.

Table S3. Ten-second average head-only specific absorp-
tion rate (SAR) for gradient echo (GRE) scans acquired on
sub-05 for all shim modes.

Figure S1. Effect of region of interest (ROI) size and shape
for the performance of RF shimming. The left panel shows
a rectangular ROI manually set on the vendor console,
whereas the right panel shows an ROI that was automat-
ically generated from the spinal cord segmentation and
vertebral labeling. The B; * coefficient of variation (in %) is
indicated for various RF shim methods.
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