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Magnetic resonance spectroscopy (MRS) and spectroscopic imaging (MRSI) allow the
chemical analysis of physiological processes in vivo and provide powerful tools in the
life sciences and for clinical diagnostics. Excellent homogeneity of the static Bo mag-
netic field over the object of interest is essential for achieving high-quality spectral
results and quantitative metabolic measurements. The experimental minimization of
By variation is performed in a process called Bo shimming. In this article, we summa-
rize the concepts of By field shimming using spherical harmonic shimming techniques,
specific strategies for Bo homogenization and crucial factors to consider for imple-
mentation and use in both brain and body. In addition, experts' recommendations are
provided for minimum requirements for By shim hardware and evaluation criteria for
the primary outcome of adequate By shimming for MRS and MRSI, such as the water

spectroscopic linewidth.
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1 | INTRODUCTION

In vivo magnetic resonance spectroscopy (MRS) provides biochemical information from living tissues and enables the noninvasive quantifica-
tion of metabolic compounds based on spectral characteristics such as chemical shift and J-coupling. By contrast, magnetic resonance imaging
(MRI) maps water content. MRS,* MRI and the combination of the two, MR spectroscopic imaging (MRSI),? share the need for homogeneity
conditions of the static By magnetic field in the object under investigation. In a recent consensus effort on proton magnetic resonance spec-
troscopic imaging, insufficient By homogeneity was identified as the major limiting factor to more widespread clinical and research applica-
tions.® In this paper, we summarize the most common concepts, techniques and algorithms of By field correction, ie, shimming, and provide
expert recommendations to realize optimal Bo homogeneity. The reader is referred to the literature for the discussion of hardware and further
details.*~¢

2 | Bo HOMOGENEITY AND SPECTRAL QUALITY

One of the major quality measures of MRS data that determines to what extent resonances from different molecules can be separated is
the linewidth.” If the linewidth relative to the spectral separation becomes too large, neighboring resonances cannot be distinguished
(Figure 1).

Three components contribute to the experimental spectral linewidth: first, the natural line width of the metabolite signals determined by the
life time of the spin states (T,); second, line broadening due to microscopic intra-voxel By field variations due to magnetic field variations on a
molecular and cellular scale; and third, the macroscopic intra-voxel Bo inhomogeneity due to large-scale susceptibility differences between differ-
ent tissue types and air.2 Whereas the first two contributions are intrinsic and not under the control of the user, the third contribution is the only
one that, in principle, can be removed through By magnetic field shimming.

Details of the Bg field distribution across the MRS volume of interest (VOI) define both spectral linewidth and lineshape, potentially
leading to non-Lorentzian and even asymmetric spectral appearance. Lineshape effects can be reduced and spectral linewidths improved
with postprocessing deconvolution techniques considering the underlying By behavior.” Nonideal signal shapes furthermore need to be
accounted for during spectral fitting for quantification, for instance, by employing a Voigt lineshape model.° However, lineshape distortions
potentially reducing the MRS data quality and quantification accuracy can only be avoided through excellent By field homogeneity during
acquisition.

Regional specificity of the molecular and cellular environment results in varying intrinsic By field conditions across different brain regions.®
Moreover, the macroscopic homogeneity varies largely due to variation in anatomy, and high-level B, field homogeneity is difficult to reach, for
instance, in the frontal lobe above the nasal cavity and in the temporal lobes above the ear canals. As a result, some regional differences in spec-
tral quality are expected even with the use of advanced By shim approaches. Recent 3 T whole-brain MRSI data indicated that only ~ 75% of the
voxels can be reliably analyzed due to B, shimming-related problems.® Notably, higher spatial resolution for the parcellation of MRSI voxels in
smaller subvolumes can be applied to reduce the macroscopic Bg variation and frequency spread per spectrum if experimental sensitivity permits,

a technique capable of improving spectral resolution without physical By, field correction.**2
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FIGURE 1 Example of 7 T prefrontal cortex (PFC) human brain spectra demonstrating different levels of shim quality that can be
encountered: (A) excellent shimming (9 Hz linewidth) where most metabolites can be quantified with high accuracy; (B) adequate shimming where
some SNR is lost (indicated with the arrow) and the fitting of some of the smaller resonances will be compromised; (C) acceptable shimming
where more SNR is lost and especially small resonances are impacted more; and (D) poor shimming where a severe SNR loss is seen and even the
major resonances cannot be measured accurately anymore. In (E) a spectrum with uncorrected residual eddy currents is shown. These effects are
qualified as lineshape distortions, instead of linewidth changes
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The global Bg inhomogeneity across an entire organ or the field of view can limit the use of MRS and MRSI. This is because local field homo-
geneity is desired to achieve narrow linewidth for signals originating from the targeted MRS volume. At the same time, larger scale homogeneity
is desired for optimal performance of frequency-selective radio frequency (RF) pulses for water suppression, lipid suppression or spectral editing
across the MRS volume and beyond.**%* Thus, MRSl in the frontal and temporal lobes remains challenging due to the necessity to obtain homo-
geneous By conditions in these areas and their surroundings (Figure 1).

Lastly, residual eddy currents originating from the gradient or shim system can have a severe impact on the spectral quality (Figure 1E). Eddy
currents primarily lead to temporal variations of the FID phase rather than a shortening of the T,* and distortions of the resulting spectral lin-
eshape rather than increased linewidth. Deconvolution of the phase of the metabolite FID with the phase evolution from a corresponding high

signal-to-noise ratio (SNR) water signal is a common approach to reduce lineshape distortions from eddy currents.*®

3 | CONCEPT OF B, HOMOGENIZATION

3.1 | Bgshimming hardware

Magnetic field By homogenization, or shimming, describes the process of reducing its spatial variation by superposition of additional correction By
fields, which are realized using hardware elements called shim coils. In this paper we focus on the adjustment of By homogeneity utilizing shim
coils that provide By, field shapes resembling spherical harmonic (SH) functions. Such Bg shim systems are widely available in current clinical sys-
tems. The magnetic field in the z-direction follows Laplace's equation, V2B, = 0. The solution of Laplace's equation can be expressed as a linear

combination of SH functions, ie:

Bz(r,9,¢)=i i C™"P™ (cos6)e™, (1)

n=0m=-n

where B, is the magnetic field expressed in spherical coordinates r, 8 and ¢, C; are weighting factors and P, are associated Legendre polynomials
of order n and degree m.>% With increasing order, n, the spatial complexity increases, providing greater ability to compensate for spatially com-

plex variations. Every MRI system is equipped with a limited number of shim coils that are specifically designed to generate one of the low-order
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FIGURE 2 First- and second-order spherical harmonic (SH) shapes. SH functions are organized in orders n with 2n + 1 terms per order. The
single zero-order shape represents a global offset (not shown), and the three first-order terms describe linear field gradients identical to those
applied for spatial encoding. Higher orders contribute shapes with higher-order symmetry and multiplicity and, therefore, can model progressively
more complex target field shapes for improved compensation by Bo shimming. For Bg shimming, every SH shape is generated by a dedicated wire
pattern and a shuffled multi-layer set of coils is employed as a SH shim system. Figure adapted from*
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SH functions. We typically refer to the highest order present in a shim set to describe its hardware and shim capability, with the assumption that
all shim terms of that order and below are present. Thus for a second-order shim system (n =0, 1, 2) there are 1 + 3 + 5 = 9 shims, ie: (n + 1)? shim
terms, with 2n + 1 different degree shim terms within each order (Figure 2). With the set of shim coils fixed, the process of shimming reduces to
finding the amplitudes C, in Equation 1 of each shim term that maximize the B, magnetic field homogeneity across the shim VOI. Traditionally,
the coefficients C)} were determined by hand in an iterative procedure, cycling through the terms one at a time. Although it is possible to arrive at

an optimal solution that way, nowadays faster, more robust and automated procedures have replaced earlier iterative approaches.

H17—20 21-24

Recent advances have explored the use of both static and dynamic higher-order S and nonspherical harmonic shim hardware,
showing great benefit in achievable shim outcome. However, as this hardware is not widely available, this consensus effort focuses on static SH

shimming with clinically available coil systems (Figure 2).

3.2 | Steps in the Bg shimming procedure

The recommended By shimming procedure (summarized in Figure 3) is based on, first, the acquisition of quantitative Bg field information from the
object under investigation (section 4), second, SH decomposition of the obtained By information (Equation 1) and, third, conversion of the derived
SH shim strength requirements to a set of actual shim coil currents (section 5). In principle, this analytical procedure needs to be executed only
once, making Bg shimming a single-step process and rendering iterations, either visible to the user or hidden in automated procedures, obsolete.
In fact, with the use of suitable methods, optimal By homogenization in a single shim adjustment should be the rule. Inaccuracies in any of the
three steps of measurement, analysis and adjustment, however, can degrade the shim outcome. If the errors are relatively small, the repetition of
the Bg shim procedure can lead to an improvement in B homogeneity. However, if imperfections are larger in nature, the Bo homogeneity techni-
cally achievable with the shim system at hand might never be fully reached, or even become worse, despite iterations. Therefore, a recommended
way to verify a By shim procedure is to acquire a By field map after shimming and validate the experimental shim outcome against the theoreti-

cally achievable, ie, predicted, B distribution.

4 | METHODS FOR MAPPING By
4.1 | Signal phase as proxy for B, field

A one-size-fits-all approach is not applicable to Bo shimming due to inter-subject variations in anatomy and subject positioning. Accurate mapping
of the spatial pattern of the apparent field variation in the subject at hand is therefore necessary and a critical first step of the Bo shim procedure.
To date, the two most common methods to map By inhomogeneity utilize either strategically designed one-dimensional (1D) projections along

beams2>2¢

or full three-dimensional (3D) maps. Both of these methods are based on measuring (a minimum of) two acquisitions with different
echo times (TE) in order to measure the signal phase evolution caused by the apparent By magnetic field while removing phase offsets not related
to the local magnetic By field, for instance, the RF phase. For two-echo acquisitions, the difference in TE (ATE) results in a difference in phase,

Aw(x,y,z), between the two acquisitions of

projection based shim image based shim brain shimming voxel shimming

lﬂﬂﬂm

lsuo Hr

FIGURE 3 B field information can be acquired by either projection-based methods (left) by acquiring field information along projections
through the MRS voxel, or through image-based methods (middle) where multi-echo images of the target region are acquired. Here, the
magnitude images are used for masking and the By field map is calculated from the phase information. Image-based shim analyses (right) can
consider and homogenize By conditions across arbitrarily shaped volumes, including the whole brain, a single slice or small volumes for single-
voxel MRS
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Ay (x,y,z)= ATE -y - ABo(x,y,2), 2

where y is the gyromagnetic ratio (rad/s/T). For small By offsets the detected phase falls within the range [—=x ... +x] and is directly proportional to
the magnetic field offset, ABg(x,y,2).

For larger ATE and/or larger ABy, the phase evolves beyond the [-x ... +x] range and the observed phase will then alias or wrap back into the
[-= ... +x] range. Without correction, it will thus provide an incorrect value for the magnetic field offset, ABo. The most straightforward way to
deal with phase wrapping is to reduce the echo time difference, ATE, potentially reducing the accuracy of the field estimate. When phase wrap-
ping occurs, complex temporal and/or spatial phase unwrapping algorithms can be employed to detect and remove artificial phase wraps.2”~3°
The resultant continuous phase accumulation beyond the [—= ... +x] range then leads to accurate ABg estimates.

Alternatively, a sequence with more than two echoes, ie, TEs, can be used to have a combination of short and long ATE encoding times to
provide large bandwidths for mapping (limited by the shortest evolution time used) while simultaneously providing high accuracy (limited by lon-
gest evolution time used). Although there is no clear optimum in the choice of echo times, highly accurate maps can be acquired from a combina-
tion of short and long TE, with sufficient bandwidth to preclude aliasing at the expense of increased acquisition time.”

Intrinsic to Equation 2 is the assumption that there is a single dominant resonance (ie, water), such that any variation in signal phase is directly
proportional to the magnetic field offset. In the presence of multiple resonances with amplitude a;, offset frequency Af; and relaxation time con-
stant T5;, as encountered, for example, in lipid-rich tissues, the signal at arbitrary TE can be derived from the sum S of the n individual signal
components®?

n
S(X, v,2, TE) — Z a,»e_iTE'(VABO(X'y‘Z)+2”Af">e_TE/Tir" (3)
i=1

For the brain, cerebral lipids are largely immobile and thereby show extremely short T, times making the assumption of a single dominant reso-
nance (of water) valid. However, it has been demonstrated that the control of the B, homogeneity in the skull lipid area is beneficial to avoid lipid
artifacts overlapping spectral lines of interest.>? For other organs, such as liver and skeletal muscle, both water and lipid components of the tissue
have to be taken into account and a variety of methods have been developed to account for the differences in Larmor frequency between water
around 4.7 ppm and lipids. The simplest approach uses “in-phase” TE that equals a multiple inverse of the water-lipid frequency separation
according to ATE = n/Af. This assures that contributing water and lipid signals show the same phase behavior and the measured signal phase
Awy(x,y,2) is still directly proportional to ABy without additional modulation due to the frequency difference Af. It is generally assumed that the
lipid signal is dominated by the methylene lipid resonance at 1.3 ppm, and this is used for calculation of in-phase TE, where the water and lipid sig-
nal are in phase and Bo mapping can be done. If more than one lipid resonance can be identified beforehand, this can be considered for enhanced
Bo accuracy (Figure 4).33 Alternatively, more echoes can be used in combination with a more complex lipid signal model, such as the Dixon method
or derivatives thereof, to provide high-quality Bo maps even from lipid-rich tissues.3*3°

A complicating factor when relying on phase to estimate the By field is that we do not account for other contributions to the phase during sig-
nal evolution (Equation 2). In practice, however, there can be several other sources of phase variation, the most important one being eddy cur-
rents generated by the switching of gradients in the Bo measurement sequence. Care should be taken that this does not introduce a bias in the
measurement. In practice, the resulting linewidth in MRS measurements is typically a useful indicator of the success of B shimming. Alternatively,
sequences can be run twice with opposite gradient polarity; after combining the data from the two acquisitions the eddy current component can

be extracted and removed. However, the influence of eddy currents on By field mapping is generally small and typically negligible.

4.2 | Projection-based mapping of By magnetic field

2526 provide a highly efficient means to rapidly map the existing inhomogeneity using the symmetry of shims coils. In

Projection-based methods
this class of methods, a spatially small 1D column or beam is excited and the position along the column is encoded by a read-out gradient. From
Equation 1 we can see that the radial dependence and the angular dependence can be fully decoupled. By taking a straight column with fixed

6 and ¢ through r = 0 (which can be defined as any point in the magnet), the magnetic field along projection j can be described by

Bi(r) = _knjt". (4)

n .
with k,j= 5> Cl'PY(cos®)e™. Several strategically chosen columns can be chosen so as to provide a set of measurements that can uniquely

resolve Iov:/n ft?rbically first and second) order shim contributions. Assuming that there is negligible variation across the cross-section of the column
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FIGURE 4 Simulated spectral (A) and time (B) domain signals of a combination of lipids and water. As a result of the presence of multiple
resonances in the lipid spectrum, the time domain evolution shows a highly complex phase behavior when all peaks are taken into account. This
affects the field estimation in the lipids in the breast (C). Therefore, the use of default in-phase TEs at 7 T (TE1/TE2 = 2.96/3.95 ms) based on the
chemical shift difference of the major lipid resonance (CH,) at 1.3 ppm versus water at 4.7 ppm results in erroneous field estimation in lipid tissue
(D). Numerically optimized TEs (TE1/TE2 = 2.92/3.94 ms at 7 T) taking into account the measured 10 largest lipid resonances results in a flat
phase response between lipid and glandular tissue (E). Reproduced with permission from>3

width (eg, typically 25 mm in human applications up to ~ 25% of the voxel size), the method reduces potential complications of phase unwrapping
in the measured inhomogeneity to an easily solvable 1D problem. This in turn allows lengthy encoding times to increase sensitivity to small
changes in frequency and maximize the accuracy of the maps. This “Fast, automatic shimming technique by mapping along projections”
(FASTMAP) method obtains the information necessary to adjust the linear terms by measuring the field along at least three projections, and along

36-3% are rapid and efficient, especially when

at least six projections to determine all first- and second-order terms.?® These and related techniques
considering that multiple echoes can provide the reference measurement in the same excitation.3*° Projection methods have proven to be highly
successful for single-voxel MRS where the spatial extent of the target region or voxel enables the vast majority of the inhomogeneity present to
be captured by first- and second-order SH fields. However, projection-based methods rely on a spherical region of interest (ROI) for shimming.
For MRSI on whole slices, slabs or an entire organ, with a more complex shape of the shim VOI and the presence of relevant higher-order inhomo-

geneity, the usefulness of projection-based methods is limited.

4.3 | Image-based mapping of By magnetic field

For larger shaped target volumes, like a whole slice, slab or the entire organ, image-based By shimming is generally recommended.*? This is
because the ROl is typically irregularly shaped, and this can be taken into account using image-based shimming. Also, for smaller ROls, it might be
essential to remove some areas such as air cavities or blood vessels from the shim ROI (see, for example, section 6.1).

For image-based shimming, 3D Bg maps are typically acquired using a multi-echo gradient echo readout with two or more incremented TE
delays to measure the field inhomogeneity as phase accumulation over time. Either multi-slice or 3D acquisitions can be used for this purpose.

Although there is no clear optimum for all applications, the highest spatial resolution is typically not necessary for By shimming. For instance,
in the human brain, moderate 2-3 mm in-plane and 2-4 mm through-plane resolution is sufficient for applications targeting tens or hundreds of
cubic centimeter MRS/MRSI volumes. However, sufficient spatial coverage is advisable to have enough measurement points for numerically sta-
ble SH decomposition and shimming, as well as for proper delineation of the MRS target volume. Inter-slice gaps should be generally avoided to

ensure sampling of the shim VOl is sufficiently dense, resulting in thousands or tens of thousands of points considered for the SH field fitting.
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B, field mapping for shimming is naturally done at potentially inhomogeneous By conditions and the underlying MRI sequence must therefore
be robust against Bg-induced artifacts. Bp-sensitive techniques like echo planar imaging are therefore not recommended for use in Bo mapping
and conventional gradient-echo MRI at short TE, and high acquisition bandwidth is generally preferable to minimize the risk of phase wrapping
and image distortions due to the unshimmed background field, respectively. There is a tradeoff with the use of high-amplitude readout gradients
and large acquisition bandwidth, however, as image SNR is reduced and the potential for eddy current effects is increased. In the same vein, the
slice excitation bandwidth should be large to minimize slice displacements. Parallel imaging seems to provide an efficient means of accelerating
data acquisition for Bo mapping as well; however, it is unclear to what degree introduced phase and magnitude errors can propagate as errors
through the shim calculation.

After acquisition of the 3D By field information, the shim VOI is manually or automatically delineated. Smaller shim VOls can deliver improved
shim performance, but the shim VOI should not become too small to retain both a favorable SNR and spatial coverage and therefore stay above
~15 mL for human applications. For single-voxel MRS, typically the MRS voxel is used as the shim VOI including a margin around the voxel to
ensure stable numeric optimization and to reduce sensitivity of the shim result to motion and localization imperfections. For example, a 25 x 25 x

25 mm? shim VOI could be used for a 20 x 20 x 20 mm? MRS voxel. For brain MRS, automated brain segmentation tools can be used*?

to provide
a mask of the brain. This brain mask can be intersected with the MRS/MRSI excitation volume, potentially including a certain margin. Also, manual
delineation can be used to define the most optimal VOI for shimming, but is not recommended due to the user variability and time constraints.

See section 7 for further details and recommendations.

5 | SHIM CALCULATION AND CROSS-TERM CORRECTION

Once the By, field information in the shim VOI has been measured either along projections or using image-based mapping, the respective currents in
the individual shim coil elements (each responsible for generating a different SH shape) need to be calculated by decomposing the measured B, field
variations within the shim VOI into the separate SH shim field components. This should be done with a constrained numerical minimization that
takes the shim amplifier limits into account. Regularization can be employed to reduce the sensitivity to noise, especially if very high orders are used.
The most straightforward way to calculate the shim coil settings is a direct fitting using as basis fields the SH decomposition of the Bg inho-

mogeneity to the theoretical coil strengths from Equation 1 according to:

minimize{|Bo - SI|3 + I/

subject to - lmit[i] <1[i],i=1,...,N,

where By is a vector containing the measured magnetic field in the voxels in the ROI, S is a matrix containing the description of the analytical SH
fields in the ROI, [ is a vector with strengths for the individual SH shapes and 4 is an (optional) regularization factor.

This assumes that By fields generated by individual coil wire patterns are pure and truly independent (ie, orthogonal). However, most shim
coils also produce unwanted (cross-) terms along with the primary shape, ie, the self-term. The effective field shape produced by a shim coil can
therefore be considered a combination of the desired Bg shim field and a secondary field distortion due to cross-terms. When ignored in the cal-
culation of B shim strengths, the latter imperfections lead to nonoptimal magnetic field homogeneity and one or more readjustments or refine-
ments, ie, iterations, can be required for their cancelation. These additional steps can be avoided by taking both self- and cross-terms into
account in the original shim strength calculation. The derivation of SH shim strengths, s, considering both self- and cross-terms, is achieved by
multiplication of the vector | comprising the fitted pure SH field components in the considered VOI, with the inverse of the shim coil calibration

matrix A.Y

=_].A°L (6)
This method works as long as the imperfections, regardless of order and degree, are included in the models of the fields generated by individual
shim coils. An approach to derive this coupling matrix A is described in the next section.
5.1 | Calibration of shim coil systems
In principle, the By field shapes provided by a shim coil system should follow the theoretical description in Equation 1. However, already in the

design process it is clear that coils that provide these pure terms over large regions of space are hard to create. Even though the generated mag-

netic field could be derived by theoretical Biot-Savart simulation from the employed wire patterns, nevertheless, manufacturing imperfections
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and installation tolerances will affect the obtained field shapes and coil sensitivities. In addition, other aspects of the shim coil operation, for exam-
ple, the employed amplifier hardware, can influence its performance.

Because of these considerations, a per-system experimental calibration of the shim coils is generally recommended, as incomplete knowledge
of the shim fields results in systematically degraded B, shim outcome. Notably, shim systems need to be calibrated only once as long as the coils
and amplifier hardware are not altered, as coil geometries are fixed inside the magnet bore and B field shapes are not affected by the subject
under investigation (as opposed to RF, or B4, shimming). This calibration information can then be used for all subsequent shim calculations
irrespective of target B shim VOI and intended MRS application.
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FIGURE 5 Example calibration of a spherical harmonic (SH) coil system of a clinical 3 T MR system (General Electric, Discovery MR750).

(A) The experimental calibration of an individual coil (here X2-Y2) is achieved by mapping the B, field for a selection of shim strength settings and
SH decomposition of the obtained By, field shapes. (B) Linear regression of the X2-Y2 amplitude produced per unit current (or shim setting), ie, the
slope of the curve provides the sensitivity of the coil's self-term and allows the translation of shim amplitudes (in Hz/cm") to coil currents (eg, %
of maximum [A]) and vice versa. Cross-terms generated by the X2-Y2 coil, ie, its imperfections, are derived by linear regression of the determined
amplitudes from other SH shapes against the X2-Y2 shim settings. Note the reversed polarity of the shim field generated by the X2-Y2 cail,
significant X and Z cross-terms and much smaller (note the difference in scale) cross-terms resembling Y and other second-order shapes.

(C) Analogous repetition of this analysis for the remaining coils of the SH shim system results in a 8 x 8 coil calibration matrix for the second SH
order shim system at hand that comprises the full characterization of the coil systems' self- and cross-term sensitivities (located at diagonal and
off-diagonal positions, respectively) up to the supported SH shim order, here plotted as the normalized slopes



JUCHEM €T AL. NMR 9 0f 20
iNBIOMeDiaNe— YWILEY

Calibration of a By shim system is achieved by sampling field maps of each of the shim coils at a variety of shim settings (Figure 5). The

attained field maps are decomposed into SH terms up to the order of the shim system. Linear regression of the applied shim strengths and the

fitted SH coefficients (eg, in Hz/cm") is then used to derive the calibration matrix A comprising the desired effects of all shim channels as self-

terms along the diagonal axis along with the undesired field components of a coil resembling any of the other SH shapes supported by the shim

system, ie, their cross-terms, encountered in the off-diagonal positions.

5.2 | Shim calibration: experimental setup and further recommendations

Calibration experiments of a shim system are generally performed on phantoms. The phantom should be reasonably large (eg, diameter > 15 cm
for human MR systems), have a single resonance (eg, water), show continuous signal throughout the volume (ie, avoiding resolution phantoms
with internal structures) and possess favorable T, and T, characteristics for the calibration scans, for instance resembling in vivo conditions. A
basic Bg preshim of the phantom is not technically necessary, but advisable to minimize background image deformation and signal cancelation.

The risk of phase wrapping is higher during calibration compared with By conditions encountered in typical in vivo applications. Therefore,
the shortest delay between echoes has to be selected such that phase wraps are minimized. It is recommended to use at least four echoes, for
instance using echo time increments of 0.25/1/3 ms. This covers a frequency range of +2 kHz with high accuracy. Furthermore, the readout
bandwidth should be chosen to be large (ie, 100 kHz or more) to minimize Bg-induced spatial misregistration and signal loss when running high
calibration shim settings. On the other hand, the SNR should remain sufficient to allow reliable phase estimates and, if significant, induced
eddy currents should be mitigated by signal averaging of By maps acquired with opposite gradient polarity. A calibration analysis should be
performed that is based on six or more individual shim settings per coil, thereby allowing both reliable regression analysis and quality assess-
ment (Figure 5).

Thorough quality assessment of both B field maps and the calibration analysis is highly recommended to avoid systematic errors. It is gener-
ally advisable to reject voxels with erroneous or even suspicious field behavior. The average error of the slope calculation for the self-terms should
be well below 1%, as a consistency measure for a high level of linearity of the shim experimentation (eg, amplifier linearity), data reconstruction
(eg, image artifacts) and calibration analysis (eg, system setting errors).

6 | CHALLENGES AND PITFALLS OF B, SHIMMING

Each step of the By shimming process comprising measurement, analysis and adjustment has potential for specific artifacts, errors and sub-optimal
choices that need to be recognized in order to arrive at the highest possible By magnetic field homogeneity for the shim system at hand, in the

easiest and most robust way.

6.1 | Acquisition of By magnetic field maps

According to Equation 2, By field information is calculated as the rate of phase evolution per unit time.* The color-coded image in Figure 6B is
referred to as a By map and provides a quantitative measurement of the magnetic field By offset (in Tesla [T], Hertz [Hz] or parts-per-million
[ppm]) at each spatial location, or pixel. However, the By map is almost always compromised by a number of artifacts, of which a few are indicated
in regions 1-4 in Figure 6B. Whereas the majority of the Bog map is varying smoothly, regions 1-4 indicate areas where the magnetic field homoge-
neity appears to change by hundreds of Hz between pixels. The underlying artificial phase values can originate from several sources, which should
be addressed in different ways. In region 1, pixels at the edge of the brain have artifactually fluctuating B, values due to low SNR in the underlying
MR image (Figure 6A). A signal intensity threshold can be used to remove such pixels. The negative offset in the blue pixels in region 2 should
actually have a positive offset. However, these pixels appear with an incorrect offset due to phase wrapping. This effect can be minimized by
adjusting the By map acquisition to shorter echo spacing®® or by numerically unwrapping the By map. Regardless of the solution, phase wraps
have to be removed before continuing with By map analysis and shim strength calculation. Some pixels in region 3 also appear to have artifactual
By values. This is due to flowing spins in the sagittal sinus vein and cerebral spinal fluid compartment resulting in wrong phase values. Also, these
pixels should not be considered and excluded from the analysis. Finally, in region 4 and essentially the entire skull region, large variations in mag-
netic field offset can be observed due to the presence of extracranial lipid signals. These pixels can either be removed by skull stripping or
improved by adjusting the By field map acquisition (Equation 3). Further shim VOI selection can entail a number of steps related to signal
thresholding, removal of pixels with unrealistically steep local gradients, single “island” pixels and excessive offset values. The final masked By map
(Figure 6C) should only contain magnetic field offset values with a high degree of certainty regarding their validity. The masked By map in

Figure 6C could be used to homogenize the entire slice as used in, for example, MRSI.
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FIGURE 6 (A) Anatomical MRI and (B) quantitative Bo map from the human brain in vivo. The regions 1-4 in (B) indicate a variety of artifacts
that need to be removed to yield a reliable By map of the human brain (C). (D, E) Anatomical MRI from a rat brain in axial and sagittal view and (F,
G) segmented and overlaid By map from the rat brain

In the same vein, By shimming of the rodent brain (Figure 6D,E) relies on meaningful brain segmentation in combination with accurate B, field
mapping (Figure 6F,G). Once quality control has been applied and the remaining potentially erroneous pixels have been excluded (eg, yellow data
points in the posterior brain and at the tip of the olfactory bulb; Figure 6F), one can safely proceed with By field analysis and the computation of

optimized shim fields.

6.2 | Challenges and limitations of By shimming

From Figure 6 it should be clear that a quantitative Bo map reveals important information about regional Bo magnetic field behavior, potentially
challenged by local artifacts that are not apparent on MR images. However, on most MR platforms, and especially for single-voxel MRS, the selec-
tion of shim VOIs is purely based on geometry extraction from (anatomical) MR images without consultation of the underlying phase behavior
and quality metrics of the derived By maps. This can have important consequences regarding the achievable magnetic field homogeneity and the
resulting data quality. In Figure 7A,B, three potential locations for single-voxel MRS are indicated. MRS VOI 3 is placed centrally away from major
magnetic field inhomogeneity gradients and is likely to provide high-quality MRS data. Even when the spatial resolution of the Bo map is relatively
coarse (eg, 5 mm), the shim VOI margin around MRS VOI 3 can be extended without much consequence to include more By map pixels for a more
accurate estimation of the magnetic field. MRS VOI 1 is placed close to the edge of the brain. In this case, a simple extension of the margin
around MRS VOI 1 would be disastrous as the larger VOI now includes artifactual values from the skull region. Hence it is recommended to inter-
sect the shim VOI with a skull-stripped Bo map to limit the fitting to only brain tissue, or to adapt the By mapping to improve field estimation in
the lipid-rich tissue (Equation 3). MRS VOI 2 has a similar problem in that extending the margin will include higher-order magnetic field gradients
that may be incompatible with the available low-order SH shims. Exact placement of MRS VOI 2 with respect to the frontal magnetic field distur-
bance and minimizing the VOI extension can make the difference between good and unacceptable MRS data quality. None of these consider-
ations can be properly judged from the anatomical MR image alone. The magnetic field homogeneity in the upper parts of the brain (above the
ventricles) is high due to the absence of magnetic susceptibility boundaries and voxel locations can generally be selected based on the anatomical
MRI. However, while the anatomical MRI in Figure 7C is artifact-free, the corresponding By map in Figure 7D indicates strong, local magnetic

field inhomogeneity. This is due to the presence of postsurgical metal clips in the skull. In this case the success of shimming becomes critically
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important based on the exact MRS VOI location, and a tradeoff is to be made between MRS VOI location and MRS VOI size in relation to the
underlying By field.

7 | COMPUTATION AND ADJUSTMENT OF B, SHIM FIELDS: MINIMUM STANDARDS AND
FURTHER RECOMMENDATIONS

7.1 | Shim volume selection

The volume considered for Bg shimming typically resembles the MRS target region, but can differ as long as the characteristics of the By distribu-
tion to be homogenized are properly captured. For single-voxel MRS using relatively small voxels, good linewidths can be achieved across most
areas in the human brain (see Table 1 for guideline values). A moderate extension of the shim VOI beyond the voxel is useful to minimize planning
mismatches and sensitivity to small subject motion (eg, using a 25 x 25 x 25 mm?® shim VOI for a 20 x 20 x 20 mm?® voxel). The extension of the
shim VOI should, however, be used with care, as it rests on the assumption that the By distribution in the vicinity of the original shim VOI resem-
bles the shapes encountered within the MRS voxel. A moderate shim VOI extension can therefore be applied if By conditions can be expected to
change slowly, but must be avoided in areas of severe local Bo gradients or at the brain surface if no further quality and selection measures (eg,
SNR threshold) are applied (eg, Figure 7B, voxel 2). When very small MRS voxels are used, the shim VOI is best kept above ~15 mL for human
applications to ensure a sufficient number of data points and spatial coverage for meaningful SH decomposition.

For MRSI, full Bo maps with 3D coverage are generally recommended for By shimming. Best practice is to adapt to the actual shape of the
object under investigation, for example, the brain, and intersect that with the MRSI volume. A multi-slice optimization can provide significantly
better results than whole-brain optimization, but running an interleaved multi-slice MRSI sequence will require the higher-order eddy currents to

be corrected for.> This is not implemented on most systems.
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TABLE 1 Summary of attainable By shim quality expressed as linewidths of the real part water spectrum in humans as a function of scanner
By, field strength (1.5, 3 and 7 T) and body parts for typical single-voxel acquisitions. Note that this table is for basic orientation only. Further
potentially relevant details are omitted here as they are beyond the scope of this paper

Bo Anatomical region Excellent FWHM, Hz Adequate FWHM, Hz Acceptable FWHM, Hz References
15T Brain 3-4 5-6 7-8 53
Brain (PFC) 3-4 5-7 8-10
Breast 6-10 11-15 16-20 54
Heart 7-9 10-12 13-15 5556
Liver* 13-15 16-18 19-22
Prostate 3-4 5-7 8-10 57
Skeletal muscle 4-5 6-7 8-10 5859
3T Brain 5-6 7-8 9-10 60
Brain (PFC) 5-7 8-10 11-13 2258
Breast 12-18 19-24 24-30 54
Heart 9-13 14-18 19-23 62-64
Liver* 18-23 24-29 30-35 Rss
Prostate 5-7 8-10 11-13 67
Skeletal muscle 8-10 11-13 14-16 22
7T Brain 9-10 11-12 13-14 50
Brain (PFC) 9-12 13-15 16-19 450
Breast 20-30 31-40 41-50 33
Heart 16-21 22-26 27-33
Liver* 30-39 40-49 50-60 68
Prostate 9-12 13-15 16-19 69
Skeletal muscle 12-15 16-19 20-24 5970

For single-slice MRSI, an additional margin should be taken into account in the slice direction to adequately capture through-slice By imper-
fections. At least three slices of a Bo map, spanning a narrow 3D slab should be considered to avoid shim degeneracy, ie, loss of uniqueness, and
to assure numerically stable results.

For both MRS and MRSI, it can be advantageous to include surrounding tissue such as the skull lipid or the tissue surrounding the prostate
into the shim problem as a second ROI to control the frequency offsets outside the main target area. This can minimize lipid bleeds, improve water

suppression and reduce the influence of subject motion.324

7.2 | Shim field constraints

The Bg shim outcome is similarly impaired if the strength of the required shim field exceeds the capacity of the available coil system and amplifier
electronics. In such a case, the shapes can be reproduced with the available By shim system, but the dynamic range appears insufficient for their
compensation and inevitable residual imperfections remain. Shim algorithms should robustly converge in the presence of shim field constraints,
nonorthogonal shim coil fields and under characteristic SNR and artifact content of the By maps. Shim field constraints have to be taken into
account to generate a shim set that makes optimal use of the available hardware configuration.** If SH amplitudes encountered in the shim vol-
ume exceed the technical ability of the shim system at hand, a clear warning should be issued informing the user that the dynamic range of one or
more channels of the employed shim hardware is exceeded. However, it goes without saying that final current demands to the shim amplifier

hardware must remain within the available amplitude constraints at all times.
7.3 | Subject movement

The minimization of By inhomogeneity by static By shimming as outlined above rests on the assumption that By conditions do not change
between By mapping and the end of the MRS/MRSI acquisition. Subject movement can result in varying Bo conditions and therefore needs to be

minimized by appropriate measures such as padding, regular verbal encouragement and limited study duration. Although technically feasible, the

45,46

discussion of real-time motion and Bg correction is beyond the scope of this paper.
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8 | RECOMMENDATIONS FOR ANATOMY-SPECIFIC B, SHIM STRATEGIES FOR SINGLE-

VOXEL MRS AND MRSI

8.1 | Human brain

Due to the small extent of the target region (1-3 cm on a side) in single-voxel acquisitions, excellent results have been achieved in the brain using
second-order shims.2 This forms the basis for most clinical MRS applications. SH shapes beyond second order can provide improved Bg shim out-
comes, especially for challenging single-voxel regions such as the frontal lobe.*> For MRS, By conditions need to be homogenized in thick individ-
ual slices (~10 mm), in slabs (eg, 4-6 cm) or across the entire brain. Progressive improvements are expected with increasing order beyond second-
order shimming, the extent of which is highly dependent on the spatial extension of the considered region-of-interest in combination with com-

prised B, field challenges, for instance, in the prefrontal cortex (PFC) or the medial temporal lobes.*”18

8.2 | Human breast

With single-voxel MRS in the breast, it is important to take note of the large field variations induced by interfaces between lipids, tissue and air
due to their differences in magnetic susceptibility. The voxel is best placed fully inside a homogeneous area to achieve optimal shim performance.
In lipid-rich tissue, the lipid peak might be higher than the water line, or a third peak could be present from possible silicone implants. This may
lead to an erroneous determination of the water frequency and an unintended shift of the MRS voxel. Adjustment of the water resonance fre-
quency might be necessary prior to and after By shimming. Respiratory triggering might be considered as the breathing-induced field changes in

the breast can be significant.*’

8.3 | Human prostate

The prostate gland is a relatively homogenous organ and good field homogeneity can commonly be reached both in single-voxel MRS and in
MRSI. A confounder in 3D MRSI of the complete gland can be the presence of rectal gas close to the prostate, which can strongly influence the
field homogeneity in the peripheral zone of the prostate. Motion can be mitigated with antiperistaltic drugs. The gland is typically surrounded by

lipid-rich tissue, leading to a loss of shimming quality close to the lipid interface.

8.4 | Human liver

For the liver it is recommended to place the voxel away from the edges and large vessels. As the liver moves with respiration, Bo mapping in par-
ticular should be synchronized with the breathing cycle, or performed in breath hold. The MRS acquisition can also be acquired in synchrony with
breathing, but this might lead to prolonged scan times. Alternatively, retrospective data rejection can be used to remove spectra corrupted by

varying Bo conditions due to motion.

8.5 | Human heart

Cardiac MRS is typically performed on single voxels placed in the septum, thereby preventing lipid contamination. Cardiac triggering is best used
for both By mapping and MRS data acquisition. Respiratory motion compensation can be performed by breath holding, triggering, or retrospective
data selection. While higher-order shimming can remove more complex field inhomogeneity, it might be less robust against movement when no

triggering is applied.

8.6 | Human skeletal muscle

Voxel placement has to be done in a way to avoid fascia to minimize extramyocellular lipid contamination. The ATE step has to be chosen
such that water and lipids are in phase. In lipid-rich tissue, the lipid peak might be higher than the water peak, potentially leading to errone-
ous frequency determination and unintended voxel shifts. Frequency adjustment of the water peak might be necessary prior to and after By

shimming.
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8.7 | Rodent brain

By shimming for preclinical MRS is usually performed on even smaller VOIs (1-3 mm on a side for a specific brain region) due to the smaller size of
the brain.*® While complex susceptibility-induced By, field distortions are apparent in the mouse brain, first- and second-order SH shimming has
been shown to provide excellent Bo homogeneity in any brain location and narrow line widths with single-voxel MRS if the dynamic range of the

h.*? The lowest linewidth can be achieved from more homogeneous regions deeper inside the brain, such as hippocampus

shims is large enoug|
and striatum (see Table 2). This intrinsic linewidth limit in the mouse hippocampus is not achieved in other brain regions due to internal structure
(eg, cerebellum™®) or macroscopic Bg shim challenges (eg, near the brain surface). Due to the difference in anatomy and typical voxel sizes and
locations, the generally achievable linewidths in the rat brain are ~ 5%-10% lower for any given By field strength compared with equivalent brain

regions in mice (Table 2).
9 | RECOMMENDATIONS FOR TARGETED By SHIM OUTCOME AND QUALITY MEASURES
9.1 | Shim hardware requirement

Higher-order field contributions become progressively less relevant the smaller the considered shim VOI, and for single-voxel MRS narrow
linewidth can mostly be achieved using strong first- and second-order SH shims. In some challenging locations like the frontal lobe in the human
brain, there can be significant higher-order field contributions and including strong third-order shim terms can provide significantly enhanced
shimming. Whole-brain field optimization typically requires less strong, but higher-order SH field shapes for a good field compensation.

Table 3 summarizes approximate required hardware capabilities of SH shim systems for By homogenization in the human and rodent.
Required SH shim amplitudes vary between body regions. The table therefore focuses on localized By shimming of the more challenging shim

areas such as single-voxel MRS in the PFC, which demand SH field shapes of higher amplitude.
9.2 | Quality metrics and spectroscopic linewidths

Achievable linewidths (full width at half maximum [FWHM]’) are a function of the scanners' B, field strength and spectral lines appear broader at

higher field strength.® An effective gain in spectral resolution and dispersion at higher field strength is therefore only achieved if the increased

TABLE 2  Summary of attainable By shim quality expressed as linewidths of the real part water spectrum in rat and mouse brain as a function
of scanner By field strength (9.4, 11.7 and 14.1 T) in different brain locations for typical single-voxel acquisitions. Further potentially relevant
details are omitted here as they are beyond the scope of this paper. Although possible, some care should be taken to interpolate or extrapolate
these numbers to different field strengths. Note that this table is for basic orientation only

Bo Rat/mouse Brain region Excellent, Hz Adequate, Hz Acceptable, Hz
94T Rat brain”*-7¢ Hippocampus/striatum 9-10 11-12 13-14
Cerebellum 14-15 16-17 18-19
Cortex 11-12 13-14 15-16
Mouse brain??77:78 Hippocampus/striatum 10-11 12-13 14-15
Cerebellum 15-16 17-18 19-20
Cortex 12-13 14-15 16-17
1177 Rat brain”>77-81 Hippocampus/striatum 13-14 15-16 17-18
Cerebellum 18-19 20-21 22-23
Cortex 14-15 16-17 18-19
Mouse brain®283 Hippocampus/striatum 14-15 16-17 18-19
Cerebellum 18-19 20-21 22-23
Cortex 15-16 17-18 19-20
1417 Rat brain®*8> Hippocampus/striatum 16-17 18-19 20-21
Cerebellum 20-21 22-23 24-25
Cortex 17-18 19-20 21-22
Mouse brain®-7° Hippocampus/striatum 18-20 21-22 23-24
Cerebellum 23-25 26-27 28-29

Cortex 20-21 22-23 24-25
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human and rodent applications at example By, field strengths of 3 and 9.4 T, respectively. Third-order fields for the rodent application were
omitted due to a lack of data in the literature. Field units are expressed in Hz/cm" with SH order n, following the conventions in de Graaf and
Juchem.® Unit conversion from Hz/cm™ to pT/cm” can be achieved by division by 42.576 Hz/pT, employing the Larmor equation for *H nuclei.
The amplitude of By distortions induced by magnetic susceptibility is proportional to the scanner By field strength. Shim requirements at other
fields strengths can be derived employing the rule of proportion, for instance, a 15 Hz/cm? requirement at 3 T corresponds to a 15 Hz/cm? *
7 T/3 T = 35 Hz/cm? requirement at 7 T. Please note that these recommended maximum strengths currently might not be available in all MRI

systems

Bo Application SH field shape Max. amplitude

3T Human brain>183051 XY, Z 200 Hz/cm
X2-Y2, XY 15 Hz/cm?
ZX, 722, ZY 25 Hz/cm?
X3, Y3 0.1 Hz/cm?®
Z(X2-Y2), XYZ 0.3 Hz/cm?®
72X, Z2Y 0.5 Hz/cm?®
Z3 1.5 Hz/cm?®

94T Rodent brain®’ XY, Z 5000 Hz/cm
X2-Y2, XY 500 Hz/cm?
ZX, 22, ZY 2500 Hz/cm?

amplitude of By variations induced by nonuniform macroscopic distribution of magnetic susceptibility in and around the subject at hand can be
effectively minimized by By shimming.

Details of the Bo shim procedure are rarely described in scientific publications, rending their validation by reviewers and reproduction by
others difficult. Going forward, it is recommended to summarize defining aspects of the shim analysis along with an overview of the applied SH
shim corrections in future MRS publications, either in the Methods section or as an Appendix.

Bo homogeneity is commonly reported as standard deviation of the residual By distribution, sometimes extended by further measures such as
the minimum-maximum range or gradient metrics. In addition to macroscopic By, field homogeneity, achievable linewidths also rely on the tissue's
magnetic microenvironment and are therefore specific to individual brain and body regions. For MRS/MRSI, the effective spectral linewidth of
water and other singlet resonances is therefore quantified directly as the most relevant immediate outcome measure. For quality assurance of Bg
shimming it is recommended to supply a water linewidth report for the defined MRS volume and to show the shim VOI and a related water spec-
trum or histogram. For whole-brain or organ shimming as required for MRSI the water linewidth would be ideally reported globally but comple-
mented by a By map yielding spatial and local information. In addition, meaningful metabolite linewidths, ie, numeric values, for the application at
hand should be reported, such as total creatine at 3 ppm and/or the N-acetylaspartate (NAA) linewidth at 2 ppm for brain MRS/MRSI. Note that
natural linewidths differ between molecules and, for instance, the NAA singlet at 2.02 ppm typically exhibits a linewidth 0.5-1.5 Hz narrower than
the water linewidth. Also, some apparent singlets, in fact, constitute the sum over two or more resonances, eg, total creatine as the sum of crea-
tine and phosphocreatine at 3.01 and 3.03 ppm, respectively, thereby complicating the interpretation of its FWHM. Besides line broadening,
uncompensated By field inhomogeneity can affect the lineshape. A spatial By distribution resembling the shape of the second-order Z2 term, for
instance, leads to lineshape asymmetry, which can significantly impact metabolic quantification.

Table 1 and Figure 8 present a summary of attainable By shim quality in humans expressed as water linewidths in different brain and body
regions as a function of scanner By magnetic field strength. The water linewidths as an MRS-relevant direct outcome metric of in vivo By shim
quality are categorized as excellent, adequate and acceptable for spectral analysis and quantification. It is important to note that the impact of
spectral linewidth on quantification accuracy is a complex function of spectral characteristics and overlap with other metabolites,>? making the
separation between excellent, adequate and acceptable linewidth metabolite-dependent. The PFC is reported separately due to the severe By
challenges it experiences, representative for brain regions that are challenging to shim such as the medial temporal lobe or cerebellum. Also, By
shim outcome and spectral linewidth are the result of a plurality of methodological choices, for example, the employed SH order and shim VOI.
Furthermore, potentially crucial pathological and biological aspects (eg, brain iron content) are not considered. As such, the table aims to provide
basic guidance for expectations and assessment of By shim performance in MRS/MRSI studies, but does not claim completeness or general
applicability.

Abbreviation: PFC, prefrontal cortex, representative for brain regions that are challenging to shim.

*without iron overload.

A corresponding summary of attainable By shim quality in rodents expressed as water linewidths in different brain regions as a function of

scanner By magnetic field strength is presented in Table 2 and Figure 9. As expected, the water linewidth shows an increase with By as the
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FIGURE 8 Visualization of Table 1, ie, summary of attainable Bo shim quality expressed as linewidths of the real part water spectrum in
humans as a function of scanner By field strength (1.5, 3 and 7 T) and body parts for typical single-voxel acquisitions. Note that this figure is for
basic orientation only. PFC, prefrontal cortex

amplitudes of susceptibility-induced By inhomogeneity scales with the By, field strength. Similarly, larger shim VOIs containing mixed brain regions
(as used typically for X-nuclei MRS) show larger water linewidths due to increased field deformations linked to stronger susceptibility differences
between brain regions. Similar to Table 1, biological and pathological aspects beyond basic anatomy are not considered, such as the impact of

higher brain water content and less myelin in the early developing brain leading to smaller water linewidths.*®

9.3 | Automation and clinical workflow

Patient time in the scanner is precious and every effort should be made to fully integrate the By shimming procedures into the clinical workflow,
irrespective of whether vendor-provided or customized implementations are used. Furthermore, automation and user independence are consid-
ered key for reproducibility across sites and vendors. By shim algorithms should converge quickly and robustly, even if the employed By maps are
noisy or contain some minor artifacts. The algorithm should consider respective hardware constraints as well as measured coil fields including
cross-terms, rather than assumed theoretical pure ones. This allows the shimming procedure to run in a single iteration, and not require multiple
adjustments to iteratively reduce secondary imperfection induced by cross-terms. Manual shimming, especially of higher orders (n > 1), should be
avoided. However, in the case of very challenging shim problems occurring at large off-center positions for body applications, there should still be
an option of a manual repeat for shim improvement or a manual adjustment for validation. The recommended time justifiable for first and second
SH order By shimming in human subjects is ~ 1-2 minutes for single-voxel MRS using projections including the prescription of the shim VOI com-
prising the MRS voxel. The maximally acceptable time dedicated to By shimming of MRSI including shim VOI selection should not exceed
2-3 minutes for integrated solutions in clinical applications and 4-6 minutes for research applications using work-in-progress packages or stand-
alone Bg shim tools for Bg shimming of arbitrary SH order.
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FIGURE 9 Visualization of Table 2, ie, summary of attainable By shim quality expressed as linewidths of the real part water spectrum in rat
and mouse brain as a function of scanner By field strength (9.4, 11.7 and 14.1 T) in different brain locations for typical single-voxel acquisitions.
Further potentially relevant details are omitted here as they are beyond the scope of this paper. Note that this figure is for basic orientation only
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9.4 | Vendor-provided By shim methods and resources

All MR scanners are equipped with B shim capability, but the details can vary substantially. For instance, the calibration of the cross-terms is rou-
tinely performed by Bruker. The calibration mechanism is prepared in Philips, but finding appropriate cross-calibration values is up to the user. For
other vendors, those and other details remain unknown. In Table 4, a brief overview of the available methods for projection and image-based Bg
shimming for MRS at the time of writing this paper are summarized for the main vendors of preclinical and clinical MR systems as they were made

available. Apart from this, both free and commercial third party options are available, of which some freeware options are included in Table 4.

10 | SUMMARY

Excellent Bo homogeneity is a key requirement for successful MRS and MRSI. High-quality Bo shimming relies on several factors including reliable
methods for By field characterization, high-level experimental calibration of the employed Bg shim coil hardware, and functional and efficient rou-
tines for By field analysis and the calculation of shim coil currents. Several guidelines are presented to achieve By magnetic field homogeneity in
humans and rodents, and these are summarized in the following bullet points. Enhanced and consistent By field homogeneity can pave the way
for reliable biochemical profiling with MRS and MRSI.

Summary of the major recommendations

e By field shimming methods should provide automatic, robust and high-quality magnetic field homogeneity, although current implementations
vary greatly in the degree to which this is achieved.

e Projection-based shimming methods can provide a fast, robust and user-friendly approach for By field shimming in single-voxel MRS but
require a spherical ROI for shimming around the MRS voxel.

o |mage-based shimming methods can be a suitable alternative for single-voxel MRS, especially with the use of higher than second SH order
shimming, and are recommended for MRSI as irregular-shaped ROIs can be taken into account.

o Experimental calibration of shim systems is highly recommended to assure satisfactory shimming resuilts.

e The calculation of shim fields should consider both self- and cross-terms for optimal single-step adjustment of shim currents, thereby mitigat-
ing the need for iterations.

e Shim current calculations have to consider the technical limitations, ie, the available dynamic amplitude range, of the shim system at hand.

o Different target organs require tailored shim approaches, both in data acquisition, physiological synchronization and analysis (section 8).

e Procedures and outcomes of By shimming should be reported in future MRS publications as (1) employed SH field shapes and (2) resultant
MRS water linewidth (FWHM, mean + SD for every region), ideally complemented by (3) the metrics of achieved By homogeneity.
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