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Abstract
Purpose: To assess the impact of different B0 shimming algorithms on MRS.
Methods: B0 field maps and single-voxel MR spectroscopy were acquired in
the prefrontal cortex of five volunteers at 3 T using five different B0 shim-
ming approaches. B0 shimming was achieved using Siemens’ proprietary shim
algorithm, in addition to the Pseudo-Inverse (PI), Quadratic Programming
(QuadProg), Least Squares (LSq), and Gradient optimization (Grad) algorithms.
The standard deviation of the shimmed B0 field, as well as the SNR and FWHM
of the measured metabolites, was used to evaluate the performance of each B0
shimming algorithm.
Results: Compared to Siemens’s shim, significant reductions (p< 0.01) in the
standard deviation of the B0 field distribution within the MRS voxel were
observed for the PI, QuadProg, and Grad algorithms (3.8 Hz, 7.3 Hz, and 3.9 Hz
respectively, compared to 11.5 Hz for Siemens), but not for the LSq (12.9 Hz)
algorithm. Moreover, significantly increased SNR and reduced FWHM for
the N-acetylaspartate metabolite were consistent with the improvement in B0
homogeneity for the aforementioned shimming algorithms.
Conclusion: Here, we demonstrate that the choice of B0 shimming algorithm
can have a significant impact on the quality of MR spectra and that significant
improvements in spectrum quality could be achieved by using alternatives to the
default vendor approach.

K E Y W O R D S

B0 shimming, magnetic resonance spectroscopy, metabolites, neuroimaging

1 INTRODUCTION

MR spectroscopy (MRS) is a powerful MRI technique
that is used to measure brain metabolites, such as
N-acetylaspartate (NAA), creatine (Cr), choline (Cho), etc.
Although well-established for assessing brain pathologies,

the high sensitivity of MRS to inhomogeneities in the
main magnetic field (B0) presents a challenge for obtain-
ing high-quality spectra. B0 shimming is the process of
homogenizing the B0 field by creating compensatory mag-
netic fields, usually by using spherical harmonic (SH)
shim coils.1 Poor B0 shimming negatively affects MRS by
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2 VEJDANI AFKHAM and ALONSO-ORTIZ

broadening the metabolites’ linewidths, leading to erro-
neous fitting of metabolite concentrations due to overlap-
ping peaks.2

The spectral linewidth or FWHM can be expressed as
a combination of intrinsic spin–spin (T2) relaxation time
plus microscopic and macroscopic B0 offsets (ΔB0)3:

FWHM =
( 1
𝜋 ⋅ T2

)
+ ΔB0micro + ΔB0macro (1)

ΔB0macro is a key contributor to linewidth broaden-
ing that can be mitigated through B0 shimming. However,
microscopic offsets arising from tissue heterogeneity at
the micro-scale remain uncorrectable. Both ΔB0micro and
ΔB0macro increase the FWHM of spectral peaks through
spin dephasing. Thus, suboptimal B0 shimming results in
reduced SNR and increased FWHM of spectral peaks.

In addition to the widening of linewidths, inadequate
B0 shimming also leads to ineffective water suppression,
as the latter relies on the calibrated central frequency.4
Another important issue arising from an inhomogeneous
B0 field is the mislocalization of the MRS voxel position,
given that spatial encoding is based on the assumption
of linear field distributions across the imaging volume.2
These issues are particularly critical in the frontal lobe,
where strong B0 variations occur due to the difference
in magnetic susceptibility between air in nasal and sphe-
noid sinuses and adjacent brain tissues.5 The prefrontal
cortex (PFC), a region of neurological significance fre-
quently targeted in single-voxel MRS of neurodegener-
ative disease,6 highlights the importance of proper B0
shimming for successful MRS. While some of the B0
inhomogeneity-induced artifacts can be eliminated in MRI
using various post-processing methods,7,8 these are not
viable for MRS, underscoring the importance of effective
B0 shimming.2 B0 shimming is achieved by acquiring a B0
map that will subsequently be decomposed into a set of SH
shim functions. The scanner’s SH shim coils are then used
to generate spatially varying fields of opposite polarity to
cancel the measured inhomogeneity.9 The decomposition
of the measured B0 map into a linear combination of SH
shims is carried out by an optimization solver, the efficacy
of which varies depending on the optimization algorithm
and the nature of the employed objective function.

Various studies have explored B0 shimming in the
context of MRS. Some work has focused on B0 map-
ping and its impact on shimming,10-12 while others have
focused on assessing different shimming approaches.13,14

Typically, a volume-wise B0 map is acquired for subse-
quent B0 shimming. However, this process can be time
consuming. Alternative, projection-based or pencil beam
B0 measurements such as FASTMAP,15,16 FASTERMAP,17

and FASTESTMAP18 can be used, where multiple
one-dimensional projections of the B0 field at different

angles are measured. While the latter saves time, it might
not accurately reflect the true inhomogeneity since it
relies on a limited number of projections to approximate
the field. A recent study confirmed this by comparing
the shimming outcome achieved with FASTESTMAP to
that of B0 mapping.13 In a study by Zhong et al.12 they
compared FASTESTMAP to 3D gradient echo (GRE)
field mapping and an “advanced” shim mode on a 3
T Siemens scanner. The “advanced” shim mode uses a
DESS (Double-Echo Steady State) sequence with reversed
gradient polarities for eddy-current correction. Zhong
et al. observed comparable performance between the first
two methods, both of which outperformed the advanced
mode. They demonstrated that shimming with both
FASTESTMAP and 3D GRE reduced the FWHM of the
water peak compared to the advanced mode. Liao et al.
also compared B0 homogeneity and the FWHM of water
after shimming at 3 T and 7 T10 using the “brain” and
“advanced” shim modes (which represent different B0
mapping acquisition protocols) for single voxel MRS on
a Siemens scanner. They found that the “brain” shim
mode outperforms the “advanced” mode at 3 T, whereas
the “advanced” mode was superior at 7 T. When com-
paring the Siemens-provided “advanced” shim mode to
FASTESTMAP B0 shimming, Deelchand et al.11 reported
a significant improvement in the MRS spectral linewidth
of water: 10.5 Hz with the former vs 6.1 Hz with the lat-
ter. However, they attributed this improvement to the
higher resolution that was used with FASTESTMAP com-
pared to that which was used with the “advanced” mode
(1.2 mm vs. 8 mm, respectively). Other works have focused
on assessing the impact of including higher-order SH shim
coils for B0 shimming in MRS. To this effect, Chang et al.20

showed that at 9.4 T, second-order SH shims were suffi-
cient when shimming a single MRS voxel located in the
frontal lobe, and that including higher-order terms did not
significantly alter the water linewidth. On the other hand,
a 2023 study by Pan et al.13 showed that 7 T single-voxel
MRS in the PFC does benefit from shimming using up to
4th-order SH shims in conjunction with map-based B0
shimming.

Beyond the effects of different B0 mapping methods on
B0 shimming, or up to which order SH shims should be
included, lie additional questions. To assess the efficacy of
different optimization algorithms on B0 shimming, Nas-
sirpour et al.14 compared 10 different algorithms, includ-
ing a newly introduced regularized method; constrained
truncated singular value decomposition inversion (Con-
sTru), for shimming a 2 x 2 x 2 cm3 voxel in the frontal
cortex at 7 T. They found that ConsTru led to the best
shim quality and proceeded to acquire MRS data in the
frontal cortex at 9.4 T using both ConsTru and Siemens’
proprietary algorithm for B0 shimming. They found that
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VEJDANI AFKHAM and ALONSO-ORTIZ 3

measured water FWHM values were considerably lower
when shimming using up to second-order SH shims with
ConsTru versus Siemens’ algorithm. Nassirpour et al. rec-
ommended using a regularized optimization algorithm for
B0 shimming over generic solvers. Nevertheless, it remains
unclear whether a regularized algorithm is in fact nec-
essary at lower field strengths, such as 3 T, given the
inherently lower B0 inhomogeneity. Here, our goal was
to compare both shimmed B0 fields and single-voxel MRS
spectra in the PFC when using various B0 shim optimiza-
tion algorithms, including Siemens’ default algorithm, on
a 3 T scanner.

2 METHODS

2.1 Data acquisition

Five healthy volunteers were recruited for this study and
imaging was performed on a 3 T Siemens Prisma-Fit MRI
scanner using a 64-channel head and neck coil. Informed
consent was given prior to scanning (study approved by
the Comité d’éthique de la recherche du Regroupement
Neuroimagerie Québec).

The imaging session began with an anatomical
(MP2RAGE) scan (TR= 3000 ms, TE= 3.39 ms, 1.5 mm
slice thickness, in-plane resolution of 1.1 x 1.1 mm2, acqui-
sition time of 3 m 44 s, and GRAPPA factor of 3). The
remainder of the scanning session can be broken down
into two steps:

2.1.1 Step 1: MRS using Siemens’ shim
optimization algorithm

(a) A Point REsolved SpectroScopy (PRESS) sequence
was used to position a 20 x 20 x 20 mm3 MRS voxel in the
PFC. A B0 shim box was centered on the MRS voxel
and set to cover ∼26 x 26 x 26 mm3. (b) The initial B0
shim coefficients were set to the system’s “Tune up” val-
ues and a central frequency (f0) adjustment was per-
formed. (c) Next, a whole-brain B0 map was acquired
using the “brain” B0 mapping protocol (3D dual-echo
GRE, TR= 9 ms, TE1/TE2: 2.39/7.17 ms, 64 x 54 matrix,
26 slices, FA= 15◦, 4.4 mm3 isotropic resolution, total
acquisition time= 11 s), which is pre-defined by Siemens
and can be selected among a list of B0 mapping pro-
tocols within Siemens’ B0 shimming tool. (d) Siemens’
proprietary shim algorithm was run using the acquired
whole-brain B0 map and the B0 shim box. (e) The resulting
shim coefficients were applied and f0 was re-adjusted. (f)
After B0 shimming, the PRESS sequence (TR= 2000 ms,
TE= 135 ms, BW= 1200 Hz, voxel size: 20 x 20 x 20 mm3,

total acquisition time= 4 m 26 s) was acquired. (g) This
was followed by a 3D dual-echo GRE sequence with a
protocol that was set to match that of Siemens’ “brain”
B0 mapping sequence. This GRE sequence was acquired
with the same B0 shim coefficients and f0 as the PRESS
sequence to measure the B0 field after shimming with
Siemens’ approach. The duration for step 1 was ∼6 m with
an interval of 1 m 30 sec between B0 mapping and the start
of the MRS acquisition.

2.1.2 Step 2: MRS using alternative shim
optimization algorithms

(a) A new MRS voxel and B0 shim box was positioned
in the same location as Step 1a. (b) The B0 shim coeffi-
cients were set to the system’s “Tune up” values and the f0
obtained in Step 1b was applied. (c) A new 3D dual-echo
GRE scan with identical parameters to that of Step 1c was
acquired. (d) The anatomical scan, MRS data from Step 1f,
and newly acquired GRE data were transferred via ether-
net to an external laptop running the Shimming-Toolbox.21

The anatomical scan was used to generate a brain mask
and the dual-echo GRE data were processed using the
aforementioned brain mask, resulting in a whole-brain B0
map. The MRS voxel position was extracted from the MRS
data so that the same 26 x 26 x 26 mm3 B0 shim volume
from step 2a could be defined on the B0 map. First- and
second-order SH shim optimization within the B0 shim
volume was performed. (e) Once the Shimming-Toolbox
completed the shim optimization, the optimized shim
coefficients were input into the scanner’s system and a new
f0 adjustment was performed. (f) A new MRS voxel was
acquired using the same acquisition parameters listed in
Step 1f. (g) Another 3D dual-echo GRE sequence with a
protocol that was set to match that of Siemens’ “brain” B0
mapping sequence was acquired with the same B0 shim
coefficients and f0 as the PRESS sequence to measure the
B0 field after shimming with an alternative shim optimiza-
tion algorithm. The duration for step 2 was on average
∼7 m 30 s with an interval of 2 m 30 s between B0 mapping
and the start of the MRS acquisition.

Step 2 was repeated 4 times, using each of the following
shim optimization algorithms:

Unconstrained Pseudo-Inverse (PI): The coil shim
coefficients (or weights), C (an m x 1 vector, where m is
the number of shim terms), are obtained by inverting the
scanner’s coil profiles, M (an n x m matrix):

C = M†B0 (2)

where B0 is an n x 1 vector representing a measured B0
map of n total voxels and M† is the PI of M. Unlike iterative
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4 VEJDANI AFKHAM and ALONSO-ORTIZ

optimization methods, this approach does not require an
initial guess and always yields the best achievable solution.
However, this algorithm does not consider the minimum
and maximum currents that can be applied to the MRI
system’s shim coils (i.e., it is unconstrained).

Constrained Quadratic Programming (QuadProg):
This algorithm is based on the study of Goldfarb and
Idnani,22 where the unconstrained solution of Eq. (3) is
used as the starting point for the optimization. For this
algorithm, the Python solver quadprog was used. The
shim coefficients are obtained by minimizing:

(
1∕2 CT D C − dTC

)
(3)

where dT = B0TM, D = MTM, and superscript T denotes
transpose.

Constrained Least Squares (LSq): This algorithm uses
the SLSQP method implemented in Python’s SciPy library.
Here, the Jacobian of the loss function is computed with
respect to the variables and passed to the algorithm to
avoid additional time for estimating it at each iteration.
The shim coefficients are obtained by minimizing:

|| MC − B0 ||2. (4)

Bound-constraint gradient-based optimizer (Grad):
The Grad algorithm23 is a quasi-Newton method
designed to solve a nonlinear problem with a large
number of variables while also considering bounds
on the variables.24 The algorithm is based on the
L-BFGS-B method from Python’s SciPy library. We intro-
duced a pseudo-Huber loss function to this algorithm,
as it combines the desirable attributes of the abso-
lute and quadratic loss function, rendering the Grad
algorithm less sensitive to outliers and allowing it to
converge faster.25

All constrained algorithms were subject to the min-
imum and maximum current constraints of the sys-
tem’s coils. The QuadProg and LSq also consider the
absolute sum of currents over all channels. The aver-
age run times for each method were: 6.11 s, 5.25 s,
6.42 s, and 7.02 s for PI, QuadProg, LSq, and Grad
algorithms, respectively. These run times are calcu-
lated from an average of 150 test runs on a sys-
tem with a 2.2 GHz 6-Core Intel CPU and 16 GB of
RAM. The acquired B0 maps, MRS data, and process-
ing code have been made open-access and can be found
on OSF and GitHub (URLs under Data Availability)
(Figure 1).

F I G U R E 1 The data acquisition process for B0 shimming using Siemens’ shim optimization algorithm (Step 1) vs. alternative shim
optimization algorithms (Step 2), followed by MRS data acquisition. The spectra and the B0 map in Step 2 were obtained with the Grad
algorithm.
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VEJDANI AFKHAM and ALONSO-ORTIZ 5

2.2 Post-processing and data analysis

The Shimming-Toolbox was used to generate a B0 map
from the dual-echo GRE data from Steps 1g and 2g. A
Kolmogorov–Smirnov test was applied to assess the nor-
mality of the distribution of B0 offsets within the MRS
voxel volume for each algorithm. Upon establishing a
non-normal distribution, the Levene test was employed
to examine whether those distributions were significantly
different. The significance level (p-value) was chosen to
be below 0.01 and Bonferroni adjustments were applied to
correct for multiple comparisons.

The analysis of the MRS data, including water peak
removal and fitting of the spectra, was done using the
FSL-MRS package.26 The simulation of the basis set, which
serves as the reference for fitting, was conducted using
MRSCloud.27

The algorithms were ranked by comparing key metabo-
lite characteristics, including FWHM and SNR, and
Cramer-Rao lower bounds (CRLB) which is a measure of
the fit uncertainty.28

3 RESULTS

The individual-subjects’ B0 offset distributions were nor-
malized before and after shimming and subsequently
grouped together. In Figure 2 we show the agglomerated
distribution of B0 offsets within the acquired MRS voxel for
each shimming algorithm. Compared to Siemens’s shim,
significant reductions in the standard deviation (SD) of
the B0 distribution are apparent for the PI, Grad, and
QuadProg methods (3.8 Hz, 3.9 Hz, and 7.3 Hz, respec-
tively, compared to 11.5 Hz for Siemens). However, there

F I G U R E 2 The distribution of B0 offsets (in the form of a violin plot) within the MRS voxel volume of all subjects obtained before and
after shimming with each algorithm. The standard deviation (SD) is displayed next to each violin plot. Significantly different (p< 0.01)
distributions are highlighted with an asterisk.
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6 VEJDANI AFKHAM and ALONSO-ORTIZ

was no significant reduction in the within-MRS-voxel SD
between the LSq algorithm and that of Siemens (12.9 Hz
vs. 11.5 Hz).

The inter-subject variability for each algorithm was
also assessed by computing the SD of the individual sub-
ject’s SDs. This measure for the PI, QuadProg, LSq, Grad,
and Siemens algorithms was 0.9 Hz, 2.3 Hz, 2.9 Hz, 1.1 Hz,
and 3.3 Hz, respectively.

For the comparison of spectra quality (FWHM, SNR,
and CRLB) across the different shimming algorithms, we
focused on the NAA (2 ppm) metabolite, which is com-
monly used in clinical diagnosis and for reporting the

FWHM and SNR.29 Figure 3 displays the fitted spectra
for a single representative subject with each shimming
algorithm. Observing this figure, it is evident that the
LSq algorithm exhibits significant baseline distortion and
overlapping of Cr (3 ppm) and Cho (3.2 ppm) peaks, coin-
ciding with the increased SD of the B0 map following
shimming with this optimizer, compared to no shimming.
Conversely, both the Grad and PI methods demonstrated
a comparable level of superior performance (sharp peaks
and flat baseline) compared to the other algorithms.

In Figure 4, we show scatter plots of the FWHM, SNR,
and CRLB of NAA obtained with each shim algorithm

F I G U R E 3 MRS spectral fit results obtained with FSL-MRS for a representative subject are shown for all five shimming algorithms.

F I G U R E 4 FWHM (Hz), SNR (A.U.), and percentage of CRLB for all subjects across various shim algorithms for N-acetylaspartate
(NAA) metabolite.
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VEJDANI AFKHAM and ALONSO-ORTIZ 7

for each subject. Here, we observe a consistent improve-
ment in SNR, as well as reduced FWHM and CRLB, for
the PI and Grad algorithms. Not surprisingly, among the
assessed algorithms, LSq ranks the lowest in terms of SNR,
FWHM, and the percentage of CRLB, largely due to the
high SD of the shimmed B0 field. Following LSq, Quad-
Prog exhibited the lowest performance, albeit much closer
to the performance of the Siemens shim.

Compared to the Siemens shim, the average percent
change in SNR was 105% for PI, 32% for QuadProg, −37%
for LSq, and 81% for Grad method. The average percent
change in the FWHM was −61% for PI, −43% for Quad-
Prog, 23% for LSq, and−58% for Grad method. The average
percent change in the CRLB was −63%, for PI, −46% for
QuadProg, 108% for LSq, and −63% for Grad method.

4 DISCUSSION

Successful MRS relies upon a well-shimmed B0 field (i.e.,
a B0 field with minimal inhomogeneities). In routine clin-
ical practice, this is typically achieved using the available
vendor-implemented B0 shimming tools. Various steps
involved in the B0 shimming pipeline can impact the out-
come of shimming, such as the accuracy of the acquired
B0 map19 or the selection of the B0 shim volume.13 In this
study, we aimed to assess how different B0 shim optimiza-
tion algorithms affect single voxel MRS at 3 T.

Our results showed that, compared to Siemens’ shim
optimization algorithm, both the PI and Grad algorithms
consistently exhibited the same level of superior perfor-
mance, whereas the LSq method demonstrated inferior
performance across SNR, FWHM, and CRLB metrics. The
QuadProg algorithm also led to a better performance,
albeit comparatively closer to the performance of the
Siemens’ shim. In a study by Nassirpour et al.,14 10 opti-
mizers were considered for B0 shimming at 7 T, including
a newly proposed algorithm called ConsTru. Only the Con-
sTru and vendor-provided algorithms were subsequently
used to acquire MRS data at 9.4 T. Three of the 10 optimiz-
ers that were compared were similar to those used in our
study, including PI, QuadProg, and LSq. Nassirpour et al.
also observed that the PI method consistently achieved
the best shim results. This is because PI is not an iter-
ative algorithm but rather an analytical solution to the
shim problem. In line with their study, we found that the
QuadProg algorithm performed worse than the PI method.
However, our results for the LSq algorithm differed from
theirs. Specifically, they found that the LSq method per-
formed better than QuadProg but worse than PI, while we
found it to be the worst among the four methods we tested.
By testing the numerical stability of the algorithms, we
confirmed that the LSq method was the most unstable (see
S2 in the supplementary information).

The use of a multi-echo sequence (such as the
multi-echo approach proposed by Hetherington et al.19)
could improve temporal accuracy, while a higher resolu-
tion B0 map could improve the spatial accuracy of our
B0 maps. This may, in turn, improve the performance of
different algorithms, especially given the ill-conditioned
nature of the problem at hand (small shim volumes that
are far from the isocenter, as is the case for MRS in the PFC
will experience non-orthogonal shim fields,30 rendering
the shim problem ill-conditioned). Nevertheless, we opted
to perform B0 mapping using a 3D dual-echo GRE acquisi-
tion with a protocol matching that used by Siemens for B0
shimming with their algorithm because we wanted to iso-
late the effects of different optimization algorithms. Given
the proprietary nature of the vendor-implemented shim-
ming algorithm, this limited our ability to use alternative
B0 mapping sequences or protocols.

The ill-conditioned shimming problem that can arise
in MRS is further exacerbated when dealing with higher B0
offsets within the shim volume31 or when using a greater
number of SH shim channels,32 as is often the case at
ultra-high field (7 T and higher). The study by Nassir-
pour et al. recommended using a regularized optimizer
to address this issue. Despite the inevitable trade-off in
accuracy,14 employing such a solver becomes imperative
to adhere to the system’s constraints on maximum cur-
rents in ultra-high field systems. Nevertheless, our study
revealed that a non-regularized bound constraint solver
(Grad) performed comparably well to the analytical solu-
tion provided by the PI algorithm at 3 T. Nassirpour et al.
did not mention whether the solution provided by the PI
algorithm exceeded the system constraints in their study.
In our case, it did not. In fact, in our study, it was the LSq
algorithm that prescribed the highest currents (see S4 in
the supplementary information). Nevertheless, depending
on the system or shimming application, the PI may lead
to prescribed shim currents that exceed the system’s con-
straints. Therefore, we recommend the use of the Grad
algorithm, which matched the performance of the PI while
also considering the system’s constraints.

In summary, we found that depending on the shim-
ming algorithm, the SNR and FWHM of metabolites can
improve by up to 105% and 61%, compared to what is
achievable with the vendor-provided solution. This is of
considerable relevance, given the clinical importance of
metabolite peak-height ratios (e.g., Cho/Cr, NAA/Cr) for
applications in tumor grading or dementia diagnosis.33

5 CONCLUSIONS

Our work suggests that both Grad and PI algorithms sig-
nificantly outperform the vendor-provided algorithm for
B0 shim optimization. Specifically, they achieve a∼ 66%
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8 VEJDANI AFKHAM and ALONSO-ORTIZ

reduction in the SD of B0 offsets within the volume of
interest and substantial improvements in MRS spectral
quality metrics, including an 81% to 105% average increase
in SNR, a 58% to 61% average decrease in FWHM, and a
63% average decrease in CRLB for the NAA peak. Given
that the Grad algorithm matched the performance of the
PI algorithm while also accommodating the system’s con-
straints, it is better suited for B0 shimming.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1: The distribution of B0 offsets across the
whole-brain for B0 maps acquired before shimming by
each algorithm is shown for one subject (marked as “Un-

shimmed”). The simulated shimmed B0 maps (marked as
“Shimmed”) are also presented. The standard deviation
(SD) is noted beside each violin plot. There was no signifi-
cant difference between the shimmed maps of the different
algorithms for whole-brain shimming (p< 0.01).
Figure S2: Results of the numerical stability test: By
adding Gaussian-distributed random noise (with the max-
imum noise amplitude being 1% of the fieldmap) to the
pre-shimming B0 maps of 3 subjects, we generated a total
of 150 noisy fieldmaps (50 per subject). Each algorithm was
then used to shim these 150 fieldmaps. The plot shows the
distribution of all 150 shimmed B0 maps (simulated) for
each algorithm using the noisy input fieldmaps. The stan-
dard deviation (SD) for each algorithm is shown on the
plot.
Figure S3: MRS spectral fit results obtained with
FSL-MRS for all five subjects and each shimming
algorithm.
Figure S4: The plot illustrates the current calculated by
each optimizer for each shim coil. The unit of current is
in μT/m for the first-order shim terms and μT/m2 for the
second-order terms. The data includes all five subjects of
the study, with the solid line indicating the average current
for each optimizer across subjects. Additionally, the plot
shows the system’s limits for the maximum and minimum
current per coil.
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