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The homogenization of B0 conditions is necessary for every magnetic resonance spectroscopy (MRS)
investigation. Its direct consequence is narrow spectral lines, on which reliable separation and quanti-
fication of biochemicals, and thus experimentally obtainable metabolic information, fundamentally re-
lies. Besides spectral linewidth, unwanted B0 inhomogeneity also impairs other aspects of the MRS
experiment, such as water suppression and editing efficiency, that rely on exact frequency definition.
Therefore, experimental B0 homogenization, called B0 shimming, is mandatory for meaningful MRS, and
high-level B0 shimming is arguably one of the most important ingredients for successful MRS in-
vestigations. In this review, we describe the relevance of B0 homogeneity for in vivo MRS and summarize
common concepts and specific solutions for its experimental optimization.

© 2016 Elsevier Inc. All rights reserved.
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Magnetic resonance spectroscopy (MRS) provides a wealth of
intramolecular microscopic information from relatively simple
“macroscopic” experiments. Chemical shift and J-coupling enable
the acquisition of compound-specific information, thereby laying
the foundation for the key role of MRS in structural and analytical
chemistry. By contrast, the spectroscopic characteristics of the
neurochemicals detectable by 1H MRS in the human brain in vivo
are well known [1]. Therefore, the goal of in vivo MRS is no longer
to study the physicochemical properties of unknown substances
but rather to exploit existing knowledge on substance-specific
patterns (i.e., their spectroscopic fingerprint) to separate and
quantify them in intact biological samples. Based on this important
paradigm shift, in vivo MRS faces a different set of challenges
compared with its counterpart in analytical chemistry. Although
near-optimal experimental conditions can be obtained in high-
resolution nuclear magnetic resonance (NMR) systems, this is not
always possible under in vivo conditions. As such, limited acquisi-
tion sensitivity, spectral overlap, and insufficient B0 homogeneity
are further pronounced in vivo.

In particular, imperfections in B0 field conditions and methods
for their mitigation are the focus of this review. We describe the
relevance of B0 homogeneity for in vivo MRS and summarize
common concepts and specific solutions for its experimental
optimization in a process called B0 shimming. B0 shimming is an
auxiliary process for the MRS application at hand and does not by
itself qualify to take center stage. The homogenization of B0 con-
ditions, however, is necessary for every MRS investigation because
the information content of an experiment relies on it. Although
some magnetic resonance imaging (MRI) artifacts induced by
limited B0 homogeneity can be ameliorated by post-processing,
similar corrections are inherently impossible for MRS. Therefore,
experimental optimization of B0 homogeneity is mandatory for
MRS, and high-level B0 shimming is arguably one of the most
important ingredients for successful metabolic profiling with MRS.

B0 homogeneity in the human brain

Magnetic fields are vector fields and, as such, are characterized
by both an amplitude and a direction at every spatial point. Most
magnetic resonance (MR) scanners apply a solenoid B0 coil to
produce a dominant magnetic field along the direction of the bore
commonly defined as the scanner's z-axis. Components perpen-
dicular to the z-axis, so-called Maxwell terms, are typically small
compared with the B0 field and negligible with respect to the MR
experiment. Although the B0 field of an MR scanner has vector
character like any other magnetic field, it is largely described by the
MR-relevant z-component alone, namely, a three-dimensional (3D)
amplitude distribution. A perfectly homogeneous B0 magnetic field
exhibits no spatial variance in that it has the same amplitude
throughout the considered region of interest (ROI).

Although manufacturing imperfections such as minute varia-
tions in magnet coil windings exist, the majority of magnetic field
imperfections encountered in vivo are induced by the sample itself.
Materials differ in their permeability to magnetic fields, an effect
governed by the material's magnetic susceptibility [2]. When
placed in a magnetic field, therefore, materials of different mag-
netic susceptibility exhibit different internal magnetic fields as well
as transition zones at their boundaries. Human tissues and bone, for
instance, are diamagnetic, reducing the scanner B0 field on the
order of a few parts per million (ppm) relative to the surrounding
paramagnetic air. Most magnetic field alterations induced in the
human brain are simple in nature because deviations between the
human head geometry and a sphere are small. Some specific de-
viations, however, can cause complex and high-amplitude field
terms. The largest differences in magnetic susceptibility occur
Please cite this article in press as: C. Juchem, R.A. de Graaf, B0 magneti
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between brain tissue and air from the nasal and auditory passages.
The specifics of their geometry lead to highly localized magnetic
field distortions in the prefrontal cortex (PFC) and the temporal
lobes, respectively (Fig. 1).

Unwanted B0 inhomogeneity throughout the subject of study
can affect MRS experiments in a variety of ways, including spectral
line broadening, impairment of MRS functions such as water sup-
pression that rely on exact frequency definition, and erroneous
MRS voxel localization. Their link to B0 inhomogeneity and the
experimental consequences they entail are described as follows.
B0 inhomogeneity and spectral linewidth

A series of powerful in vivo MRS methods have been developed
to noninvasively retrieve biochemical information from intact tis-
sue. Quantification of in vivoMRS, however, commonly suffers from
limited acquisition sensitivity and severe spectral overlap (e.g.,
most 1H brain metabolites resonate in the range of 1e4 ppm). A
continuous effort in the MRS community seeks to achieve ever
higher B0 magnetic field strength in both humans and animals to
improve the attainable acquisition sensitivity and spectral disper-
sion. However, such benefits of higher B0 field are achieved only if
certain associated challenges can be overcome. At ultra-high B0
field (�7 T), the concomitant difficulties are primarily related to
aspects of radiofrequency (RF) behavior and B0 inhomogeneity. The
shape of B0 inhomogeneity induced by varying magnetic suscep-
tibility conditions is independent of the B0 field strength. However,
its magnitude is proportional to B0, and if not corrected properly,
the resultant detrimental consequences for MRS are magnified
accordingly. In one of the first 1HMRS studies of the human brain at
7 T, Tkac and coworkers discussed the fundamental importance of
B0 shimming for obtaining a net benefit at ultra-high B0 field and,
more specifically, the spectroscopic separation of glutamate and
glutamine [3]. They expressed the spectral linewidth obtained
in vivo as a combination of various factors with contributions from
(i) natural linewidth, based on the spinespin relaxation time T2,
plus additional broadening due to (ii) microscopic or (iii) macro-
scopic B0 fluctuations throughout the ROI:

Dv1=2 ¼ 1
p$T2

þ Dvmicroscopic þ Dvmacroscopic:

The latter B0 variations lead to a spread of Larmor frequencies
and a broadening of the resultant peak beyond its natural line-
width. Microscopic line broadening is attributed to B0 effects on a
very small spatial scale, as from microscopic heterogeneity of the
tissue and/or from accumulation of magnetic iron ions in the sub-
stantia nigra in Parkinson's disease, and by definition cannot be
corrected for. Note that microscopic B0 fluctuations also involve
signal loss due to random, and thus irrecoverable, diffusion in
microscopic field gradients [4]. By contrast, line broadening due to
macroscopic B0 variations can, in principle, be addressed by B0
correction fields, that is, B0 shimming. The optimal linewidth under
perfect macroscopic B0 shim conditions, however, remains a func-
tion of B0 field strength and brain region, that is, tissue composition
[5].

The accurate quantification of 1H MRS brain metabolites de-
pends on the reliable separation of their respective spectroscopic
signals. 1H MRS of the human brain, however, inherently suffers
from severe spectral overlap of many metabolites, including
glutamate and glutamine around 2.4 ppm; creatine, phosphocrea-
tine, g-aminobutyric acid (GABA), and glutathione (GSH) at
approximately 3 ppm; and choline, taurine, phosphoethanolamine,
and alanine at approximately 3.2 ppm. Spectral overlap cannot be
fully avoided in 1H MRS of the human brain at 7 T even at near-
c field homogeneity and shimming for in vivo magnetic resonance
ab.2016.06.003



Fig.1. Example B0 distributions in the human brain at 4 T. First row: Axial anatomical images of five subjects of mixed age, sex, and ethnicity. The extracted brain areas are overlaid
in old rose. Second row: Strong and highly localized distortions are primarily observed above the sinuses and the ear cavities (red/yellow foci). Although these B0 distortions show
similar patterns in all subjects, considerable inter-subject variability is observed. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
Adapted from Juchem et al., Magn. Res. Med. 63 (2010)
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optimal B0 homogeneity and corresponding linewidths of 10 Hz
(Fig. 2, simulated STEAM MRS, echo time (TE) 10 ms, mixing time
(TM) 50 ms, metabolite concentrations from Refs. [1,6], no macro-
molecules, relaxation not considered). The minimization of such
overlap and the preservation of as much spectroscopic detail as
possible are of paramount importance to allow the numerical
disentanglement of individual metabolite signals and to maximize
the attainable information content (Fig. 2A, full width at half
maximum (FWHM) 10 Hz). However, suboptimal B0 homogeneity
broadens spectral lines, reduces MRS signal amplitudes, and cor-
rupts otherwise attainable metabolic information (Fig. 2B, FWHM
15 Hz). At poor B0 conditions, spectral peaks progressively merge
together and eventually become inseparable (Fig. 2C, FWHM
20 Hz). Although quantification accuracy, for which CramereRao
lower bound (CRLB) often serves as the maximum confidence
measure, might remain sufficient for metabolites containing strong
singlets such as N-acetyl aspartate (NAA) and creatine, the quan-
tification of low-amplitude and/or strongly overlapping signals
such as GABA, GSH, and glutamate versus glutamine becomes
progressively impossible. The sensitivity of in vivo MRS is inher-
ently limited, and a significant noise floor is the rule rather than the
exception. As such, suboptimal B0 conditions directly translate to
reduced signal-to-noise ratios (SNRs). For simplicity, pure Lor-
entzian line broadening representing a shortened mono-
exponential transverse decay time T2 has been applied in this
example simulation to illustrate the effects of linewidth on spectral
overlap and attainable SNRs. In reality, such line broadening reflects
the underlying Larmor frequencies and, therefore, the background
B0 distribution. As such, B0 inhomogeneity not only broadens MRS
signals but also affects their line shape in a complex fashion. Note
that the above simulations also neglected the influence of macro-
molecules. At short TE, macromolecules contribute a significant
fraction of the observed signals [7,8]. In addition to potential
confusion among overlapping (short T2) metabolites, then, the
spectroscopic quantification is further impaired at poor B0 condi-
tions when peaks or multiplet structures exhibit linewidths similar
to those of macromolecular signals.
Other impacts of B0 inhomogeneity on MRS

Chemical shift selective (CHESS) water suppression employs
frequency-selective RF pulses to selectively excite and subsequently
dephase the water magnetization throughout a chosen volume,
Please cite this article in press as: C. Juchem, R.A. de Graaf, B0 magneti
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thereby minimizing the spectral contribution of water [9]. Inho-
mogeneous B0 conditions result in a distribution of water fre-
quencies instead of a single frequency. This reduces the suppression
efficiency if the frequency variation is significant compared with
the bandwidth and profile of the selective RF pulses. Note that the
sidebands of the RF pulses applied for MRS localization can extend
significantly beyond the MRS voxel volume itself. If B0 conditions
surrounding the MRS voxel are inhomogeneous, as in the human
PFC, reduced suppression efficiency in these areas can manifest
itself as residual water signal from outside the voxel.

Frequency-selective RF pulses are also commonly employed for
spectral editing techniques such as J-difference editing for GABA
quantification [10]. Here, frequency variations lead to altered
editing efficiency and erroneous metabolite quantification. Editing
schemes relying on a specific symmetry, such as those applied to
minimize macromolecule contributions [11], are potentially
affected in a similar fashion.

B0 field inhomogeneity during the application of magnetic field
gradients inevitably leads to erroneous spatial assignments that
can become a limiting factor for low-bandwidth MRI applications
such as echo planar imaging (EPI). The impact of B0 inhomogeneity
on localization accuracy, although less critical for MRS, is described
here in the context of this review because the origin of this
important B0-induced artifact is universal (Fig. 3).

Linear field gradients are used to encode spatial position in
frequency for slice selection and MRS voxel localization by a
tailored combination of a linear field gradient (Fig. 3, y-gradient
dBz/dy, black line) and an RF pulse (upper gray horizontal bar). Slice
position and width are determined by the combination of gradient
strength and RF pulse offset/bandwidth, respectively (right vertical
gray bar, Dy1). Spatial localization with linear magnetic field gra-
dients is based on the assumption that the field distribution
throughout the subject is based solely on the applied field gradi-
ents. In reality, however, this implicit assumption is regularly
violated by apparent background B0 field inhomogeneity (dashed
blue line). Such variations in the PFC locally alter the effective
gradient field, thereby leading to an erroneous slice profile and
position (left vertical gray bar). Thus, an RF pulse of unchanged
bandwidth (lower horizontal gray bar) results in a slice of reduced
thickness Dy2. Note that these artifacts are given by the shape and
strength of the B0 distortion relative to the applied gradient
amplitude and polarity. Therefore, the effect is highly position
dependent and the opposite artifact, a stretch instead of a squeeze,
c field homogeneity and shimming for in vivo magnetic resonance
ab.2016.06.003



Fig.2. Simulation of spectral appearance of 1H MRS of the human brain at 7 T as a function of spectral linewidth (STEAM, TE 10 ms, TM 50 ms, no macromolecules). (A) Excellent B0
field homogeneity results in narrow lines, thereby revealing a wealth of spectroscopic detail and allowing optimal quantification accuracy (green, FWHM 10 Hz). (B) Reduced B0
homogeneity results in the broadening of spectral lines, a reduction of MRS signal amplitudes, and a loss of attainable metabolic information (orange, FWHM 15 Hz). (C) At poor B0
conditions, spectral peaks merge inseparably (red, FWHM 20 Hz). (DeF) In reality, MRS faces a significant noise floor, and imperfections in B0 homogeneity result in losses of SNRs
and attainable information content. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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is observed at the posterior end of the PFC field distortion. The
resultant spatial misregistration in MRI can be minimized by post-
processing when the shape of the B0 alterations is known [12e16].
However, the applicability of such corrections is limited for severe
spatial distortions; moreover, complete signal dropout cannot be
recovered at all. MRI methods vary in their susceptibility to varia-
tions in background B0; unfortunately, the workhorses of MRI
research and diagnostics, gradient echo EPI sequences, tend to be
particularly vulnerable to B0 imperfections [17]. More important for
this topic, spatial misregistration for single-voxel MRS cannot be
corrected by post-processing.

In general, MR artifacts resulting from imperfect B0 conditions
can be overcome only when the underlying physical origin of the
problem is removed and the apparent field imperfection is
compensated for experimentally.
Basics of B0 shimming

Magnetic fields obey the superposition principle and can be
simply summated to shape the effective B0 distribution. B0 shim-
ming describes the process of creating and superimposing a sec-
ondary B0 correction field with the purpose of homogenizing a
given B0 distribution.

Every analytical, or non-iterative, B0 correction technique relies
on exact knowledge of the B0 field distribution to be homogenized.
Therefore, in a first step, the B0 distribution needs to be quantita-
tivelymeasured (Fig. 4; step I: B0 fieldmapping). The signal of every
MRI voxel is a complex value containing both an amplitude and a
phase. The acquired phase 4 at voxel position r is proportional to
the local field variation DB0 and the employed TE:
Please cite this article in press as: C. Juchem, R.A. de Graaf, B0 magneti
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4ð r!; TEÞ ¼ 40 � g$DB0ð r!Þ$TE;

with the gyromagnetic ratio g and g/(2p) ¼ 42.57 MHz/T for pro-
tons. Repetitive MRI at varying TE allows the voxel-specific calcu-
lation of DB0 based on variations in MRI signal phase and the
derivation of volumetric B0 field information (in Tesla or Hertz,
assuming 1H) throughout the MRI field of view. At least two echo
times are necessary to eliminate the phase offset 40, but more TE
delays are advisable (if experiment time permits) to better define
the phaseetime behavior and to improve the confidence of the field
calculation [18]. If MRI is obtained at more than twoTE delays (here
TE1e4), voxel-specific phase unwrapping and linear regression of
signal phase versus TE needs to be applied. Alternatively, phase
unwrapping can be achieved by spatial techniques because B0
distributions are continuous and no phase jumps are expected
between neighboring positions [19]. After the B0 information has
been obtained, the ROI for the MRS investigation is defined (Fig. 4;
step II: B0 and ROI calculation). This selection is typically based on
theMRS target geometry, including theMRS voxel size and position
as well as anatomical information derived from the same MRI or
other references. Note that all processing should be accompanied
by a rigorous quality assessment of both B0 and anatomical infor-
mation. Erroneous field calculations due to phase errors from blood
flow effects or insufficient SNRs can lead to apparent frequencies
that exceed the true B0 conditions by several orders of magnitude. If
not excluded from the analysis, these voxels have the potential to
significantly impact the derived B0 correction even if few in number
[18]. In a third step, theoretical B0 shimming is applied (Fig. 4; step
III: theoretical B0 field modeling). This step exploits the available
field modeling system to reproduce B0 field inhomogeneity at
reversed polarity; thus, the ideal B0 shim field exactly resembles
c field homogeneity and shimming for in vivo magnetic resonance
ab.2016.06.003



Fig.3. Impact of B0 magnetic field inhomogeneity on spatial encoding with linear
magnetic field gradients. Linear field gradients are used in MRS to encode spatial
position in frequency. Slice selection for MRS localization is achieved by a tailored
combination of a linear field gradient (black line) and an RF pulse. Slice position and
width are given by the combination of gradient strength and RF pulse offset/band-
width, respectively. Field inhomogeneity (dotted blue) alters the effective gradient
field, potentially leading to erroneous slice profile (i.e., thickness) and position. (For
interpretation of the reference to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig.4. Schematic of B0 shimming procedure. Step I: Mapping of the B0 field distribution, or th
achieved by repetitive MRI at varying TE to capture the effect of B0 on magnetization phase
versus echo time allows the calculation of a 3D B0 field map (in Tesla or Hertz). Along with an
for the brain) can be determined for the target experiment. Step III: Theoretical B0 shimmin
field modeling system used (e.g., an SH basis set) to erase any spatial B0 variations and to arr
methods vary by the way B0 shim fields are produced and, more important, their ability t
experimentally and summed with the ROI. Residual deviations between the B0 inhomogen
interpretation of the reference to color in this figure legend, the reader is referred to the W
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the experimental B0 field in every voxel with opposite sign. The
summation of this shim field to the background B0 field then fully
removes field imperfections, resulting in perfectly homogeneous B0
conditions and a constant field amplitude throughout the ROI
(effective B0, green). Once the best possible shim field has been
determined, it is physically generated and applied for the experi-
mental optimization of B0 homogeneity (Fig. 4; step IV: experi-
mental B0 shimming and MR experiment).

Methods for generating B0 shim fields vary in physical technique
and, more important for shimming outcome, their ability to accu-
rately model and reproduce B0 distortions. Magnetic field terms
observed in vivo can be highly complex, and their practical removal
can be complicated by remote positioning, such as deep inside the
brain. Residual deviations between B0 inhomogeneity and the best
modeling result inevitably remain as field imperfections after the
B0 shimming process.

The importance of obtaining adequate magnetic field homoge-
neity, as in across the entire human brain (including its typically
problematic areas), has sparked the development of various
shimming techniques that are categorized as passive or active as
well as static or dynamic based on the way the correction fields are
generated and applied, respectively.
Passive shimming

Magnetic field shapes induced by varying magnetic suscepti-
bility conditions are responsible for the existence of the largest part
of the B0 distortions in the human brain, but the very same effect
can also be applied to their correction. Magnetically susceptible
materials alter the surrounding magnetic field distribution when
placed inside a magnet, thereby providing a handle on the distri-
bution in neighboring objects. Passive shimming exploits this effect
through strategic placement of magnetically susceptible materials
within the scanner bore, thereby manipulating and homogenizing
the magnetic field over parts of the subject as needed. Materials
used in passive shimming range from diamagnetic intra-oral shims
e inhomogeneity to be minimized, is the first step of every B0 shimming method. This is
(here, four MRIs are applied: TE1e4). Step II: Voxel-specific linear regression of phase
atomical/geometric information derived from the magnitude images, the ROI (old rose
g aims at reproducing the encountered field distribution at reversed polarity with the
ive at perfectly homogeneous B0 conditions (effective B0, green). In reality, B0 shimming
o resemble B0 inhomogeneity. Step IV: The best B0 modeling result is then generated
eity and the best modeling result remain as field imperfections after shimming. (For
eb version of this article.)
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for the minimization of field artifacts in the human PFC [20e22] to
external dia- and paramagnetic passive shims for whole-brain
shimming in the mouse [23,24]. Matching the magnetic proper-
ties of a human head holder (with pyrolytic graphite foam) to the
diamagnetic properties of the head/neck that it hosts can also be
understood as a form of passive shimming [25]. Passive shimming
with ferromagnetic substances provides an inexpensive means of
efficiently producing very strong magnetic fields. Ferromagnetic
materials have also been applied in a subject-specific fashion
[26,27].

Since the early days of MR, the B0 distribution of the MR
scanner itself is improved by placement of small pieces of iron or
steel (“shims”) to strategic positions; as such, the term “shim-
ming,” now applied to describe any type B0 homogenization
technique, is rooted in the passive variant. Notably, optimized
numerical methods have been recently proposed to efficiently
calculate the B0 fields induced by arbitrary magnetic susceptibility
distributions, thereby providing a versatile tool for understanding
the B0 effects induced in the human body and their possible
correction with passive shimming [28,29]. Passive shimming is
marked by ease of field generation via simple placement of the
assemblies to be polarized inside the scanner field. However, the
creation and adjustment of such passive shim assemblies is
cumbersome. More important, passive shimming generally lacks
the flexibility to accommodate experiment-specific conditions and
varying shim requirements due to differences in subject anatomy
(compare, e.g., the five cases in Fig. 1), subject placement, or
altered susceptibility distributions (e.g., due to the nasal conges-
tion of a subject with a cold). Although the benefits of passive
shimming for specific MRS applications have been demonstrated,
its practical shortcomings have prevented it from becoming the
common method of choice.

Active shimming with spherical harmonic shapes

Active shimming refers to B0 homogenization with correction
fields produced by electrical coils. The standard approach to
minimizing magnetic field variations for MRS with active shim-
ming is to superimpose magnetic fields with a spatial variation
governed by spherical harmonic (SH) functions [30,31]. The
magnetic field in free space obeys the Laplace equation, and so-
lutions thereof can be expressed as SH expansions. Although the
space is arguably no longer empty when objects are studied with
MRS, the SH framework has prevailed likely due to its experi-
mental practicality and ubiquity in the fields of chemistry and
physics. SH functions are orthogonal and organized in orders N
with 2Nþ 1 terms per order (Fig. 5). The single zero-order shape is
a general 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 (Fig. 5; cf. first-order X, second-order
X2eY2 and XY, third-order X3, and fourth-order X4) and, there-
fore, enable the modeling of increasingly complex target field
shapes. In general, the higher the maximum SH order applied for
B0 shimming, the more likely it is that it will resemble the spatial
features of given B0 distortions and thereby allow their subse-
quent compensation by B0 shimming. In other words, the number
of basis functions available for modeling the field distortion de-
termines the flexibility of magnetic field shaping; thus, the quality
of the expected shim outcome is improved if higher orders are
included [32].

The B0 field generated by electrical charges flowing through a
conducting wire is described by BioteSavart's law. Shaping thewire
pattern allows a handle on the current distribution and the mag-
netic field shape that is created. This principle is exploited to
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produce individual SH shapes by dedicated current-driven wire
patterns, one for each term, and a set of SH coils is nested inside the
scanner bore to form a shim system that generates B0 correction
fields over the subject. In practice, SH shim systems are limited to
low-order terms due to space and cost restrictions. Most human
MR systems are equipped with shim coils capable of generating SH
fields up to the second or third order. SH shimming is a robust and
flexible method that can be fully automated to provide objective
user-independent magnetic field homogeneity [33e36].

The orthogonality of the SH basis functions allows the individual
adjustment of SH shim terms under the assumption that the fields
generated by the SH wire patterns are indeed pure and truly in-
dependent. In reality, however, most SH coils also produce other
unwanted terms along with the primary shape that determines the
coil's name. These cross-terms are not necessarily a problem as long
as they can be modeled with B0 shapes from other available shim
coils and subsequently considered in the computation of the
applicable set of B0 shim currents [37].

Fig. 6 shows an example analysis of SH field modeling and
theoretical B0 shimming for single voxel MRS in the human PFC at
4 T (ROI size 4 � 4 � 4 cm3). Magnetic susceptibility boundaries
near the frontal bone result in strong and complex B0 in-
homogeneities that can severely disrupt and potentially ruin MRS
investigations in the PFC. The inclusion of higher-order SH func-
tions and shapes facilitates progressively better resemblance of B0
distortions and improved B0 shim outcome, reflected in reduced
standard deviation (SD) of the residual field distribution.

B0 shimming aims to improve the overall B0 homogeneity of the
ROI. Numerically, this is typically achieved by least-squares mini-
mization of the sum of the original B0 challenge and the B0 shim
field to be applied. With this approach, the residual field deviations
of every voxel are combined quadratically and, therefore, irre-
spectively of sign. The synthesized field with the smallest overall
deviation in terms of this single metric is considered the best fit. If
the B0 challenge can be perfectly resembled by the shim system,
this quality measure becomes zero and perfect B0 homogeneity is
achieved. In most cases, the applied basis set is not capable of
perfectly resembling all field distortion. Although there is only one
perfectly homogeneous B0 scenario, imperfect solutions are not
unique but to some degree rely on the chosen B0 homogeneity
metric. Note that the residual field imperfection depends on the
employed set of basis functions and, thus, can vary in both shape
and polarity with the inclusion of additional SH orders (Fig. 6, ar-
rows). Although the overall B0 homogeneity is improved, regional
B0 homogeneity might be compromised and residual distortions
can potentially even reverse polarity. This might seem counterin-
tuitive at first but can be well understood given a particular pattern
of B0 inhomogeneity, the available B0 shim system, and the char-
acteristics of the numerical optimization routine (i.e., the cost
function).

Tkac and coworkers estimated the resolution limit for 7-T 1H
MRS of adult human brain to correspond with a linewidth of 9 Hz
for total creatine or the combination of creatine and phosphocre-
atine [3]. This finding is consistent with our experience and can
even be obtained in the PFC when B0 shimming is optimal (Fig. 7A;
7 T, STEAM, TE 10 ms, TM 50 ms, 8 cc, FWHM of total creatine (tCr)
8.8 ± 0.2 Hz, FWHM of NAA 7.3 ± 0.2 Hz). Excellent B0 homogeneity
is the basis for reliable quantification of the overall neurochemical
profile [38] and, moreover, the separation of glutamate and gluta-
mine at 7 T. At this spectral quality, even the multiplet structure of
the glutamate C4 protons at 2.35 ppm becomes clearly visible in
both the experimental spectrum and the scaled glutamate basis
function.
c field homogeneity and shimming for in vivo magnetic resonance
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Fig.5. Selection of first- to fourth-order SH shapes. SH functions are organized in orders N with 2N þ 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 (compare figure third-order X3 and fourth-order X4 with first-order X and second-order X2eY2 and XY) and, therefore, can model progressively advanced target
field shapes. In general, the higher the maximum SH order applied in B0 shimming and the larger the number of shapes included, the more likely the successful modeling of B0
distortions and their subsequent compensation by B0 shimming.

Fig.6. SH field modeling and B0 shimming for single-voxel MRS in the human PFC at 4 T as a function of SH order (cube size 4 � 4 � 4 cm3). Magnetic susceptibility transitions in the
frontal head result in strong and complex-shaped B0 inhomogeneities that have the potential to render MRS investigations in the PFC useless. The inclusion of higher-order SH
functions and shapes allows progressively better resemblance of the B0 distortions and improved B0 shim outcomes, corresponding to reduced SD of the residual field distribution.
Note that the residual field imperfection is a function of the employed set of basis functions and can vary regionally in both shape and polarity with the inclusion of additional SH
orders (arrows: first order, strongly positive; second order, intermediate negative; third order, slightly positive).
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Fast automatic shimming technique by mapping along
projections

Full 3D mapping of B0 field conditions can be time-consuming.
Instead, the fast automatic shimming technique by mapping
along projections (FASTMAP) samples the B0 field distributions to
be homogenized along six exemplary orthogonal column
Please cite this article in press as: C. Juchem, R.A. de Graaf, B0 magneti
spectroscopy, Analytical Biochemistry (2016), http://dx.doi.org/10.1016/j.
projections only (Fig. 8; cube size 14 mm, projection length
19.8 mm). Basic linear algebra is applied to unambiguously derive
the unique solutions for the apparent first- and second-order SH
field imperfections from this small set of measured polynomial B0
terms. Given the available B0 shim system, the apparent B0 in-
homogeneity is then converted to the corresponding correction
field. Note that the key of the FASTMAP approach lies in the efficient
c field homogeneity and shimming for in vivo magnetic resonance
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Fig.7. (A) In vivo single-voxel 1H MRS of the human PFC at 7 T (STEAM, TE 10 ms, TM
50 ms). Third-order SH B0 shimming allows excellent line width (FWHM of NAA
7.3 ± 0.2 Hz, Cr/PCr 8.8 ± 0.2 Hz). (B,C) Clear separation of glutamate and glutamine
and resultant high-accuracy LCModel decomposition of metabolic component. At this
spectral quality, even the multiplet structure of the glutamate C4 protons at 2.35 ppm
can be appreciated in both the experimental spectrum and the glutamate basis func-
tion. Ins, myo-inositol; PE, phosphorylethanolamine; Cr, creatine; PCr, phosphocrea-
tine; Glu, glutamate; Gln, glutamine; Tau, taurine; Cho, choline; GSH, glutathione;
GABA, g-aminobutyric acid; Asp, aspartate; NAA, N-acetyl aspartate.
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determination of 3D B0 conditions with a sparse sampling
approach. The subsequent determination of the B0 shim field is
standard.

The sampling of selected column projections assumes smooth
and well-behaved B0 field conditions. Obviously, very localized
distortions that are not captured by one of the column projections
are not considered. If applied to reasonably small volumes for
single-voxel MRS, however, such cases are rare. Full 3D field map-
ping does provide a more detailed and complete picture of the
apparent B0 conditions of such a specialized scenario. In practical
reality, the limited capability of second-order SH field modeling to
resemble such extreme B0 scenarios is more likely to be the limiting
factor than the sparsity of the employed column projections.

FASTMAP is an elegant analytical method that provides a ver-
satile tool for second-order SH B0 homogenization in cubic volumes
typical for single-voxel MRS investigations. As such, FASTMAP (and
its derivatives [39,40]) has become the method of choice in many
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laboratories due to significantly reduced acquisition times
compared with B0 shimming methods that are based on full 3D
MRI. An optimized FASTMAP implementation at 7 T was recently
shown to allow localized B0 shimming at low specific absorption
rate (SAR; i.e., RF power deposition) in less than 1 min [41].

The B0 shim ROI typically resembles the ROI of the MR investi-
gation but can differ as long as the characteristics of the B0 distri-
bution to be homogenized are properly captured. FASTMAP
operates on cubic ROIs and is typically chosen to provide B0
shimming for MRS in single voxels. A moderate extension of the B0
shim ROI beyond the geometry targeted by the MR investigation is
sometimes useful if very small ROIs are considered to improve the
robustness of the B0 shim computation. This approach should be
used with care, however, because it rests on the assumption that
the B0 distribution in the vicinity of the original ROI resembles the
shapes encountered within the original ROI. Therefore, a moderate
ROI extension can be applied in parts of the brain where B0 con-
ditions can be expected to change slowly, but it must be avoided in
areas of severe local B0 gradients or at the brain surface if no further
quality and selection measures are applied. The homogenization of
B0 conditions in slabs or complex-shaped volumes such as the
entire human brain requires 3D B0 mapping methods along with
algorithms to select the desired ROI based on geometric conditions
(e.g., slab position and thickness) and/or anatomical aspects (e.g.,
brain segmentation).

Dynamic shimming with spherical harmonic shapes

High-quality B0 homogeneity can be readily achieved with low-
order SH B0 shimming in small areas considered for single-voxel
MRS. B0 shimming with SH shapes is also capable of removing a
large part of the B0 imperfections encountered throughout the
entire human brain (Fig. 9). As expected, the inclusion of higher-
order shapes provides progressively better results and a nearly
perfect elimination of the widespread shallow terms [32]. Complex
and localized magnetic field distortions, such as those observed in
the human PFC or the temporal lobes, are beyond the modeling
capability of current static SH shimming. They can be somewhat
reduced by the low-order SH fields to which current technology is
limited, but they cannot be removed. As such, limited B0 homoge-
neity throughout the human brain has been a long-standing
problem.

Global B0 shimming aims to optimize the B0 conditions over the
entire object under investigation at once (Fig.10A,1D example, gray
dotted range). The best B0 shim field is then applied experimentally
and remains constant, or static, throughout the MR investigation. If
the MR sequence employs a serial scheme in which different sub-
volumes of the considered object are sampled sequentially, as in
interleaved multi-voxel MRS or multi-slice MRI, a series of B0 shim
conditions can be optimized for every such subvolume separately
(Fig. 10B). The B0 shim condition tailored to an individual sub-
volume is then applied immediately before the MR signal is
measured and updated to the next B0 shim setting and subvolume
immediately after. The adjustment of subunit-specific shim settings
with this dynamic shim approach allows the improved optimiza-
tion of magnetic field homogeneity over the original larger volume
based on the individual improvements in the constituent
subvolumes.

After the introduction of dynamic shimming for multi-slice MRI
with linear gradients [42,43], the benefits of including second-
order SH terms [44,45] and third-order SH terms [37] have been
demonstrated. Besides the application of dynamic shimming to
MRI, multi-voxel MRS with dynamically updated, voxel-specific
shim settings has been shown to allow multi-fold efficiency gains
[46,47]. In the same vein, multi-slice MR spectroscopic imaging
c field homogeneity and shimming for in vivo magnetic resonance
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Fig.8. FASTMAP is an efficient analytical method for second-order SH B0 homogenization in the cubic volumes typical of single-voxel MRS investigations. The B0 field distribution is
measured along six exemplary column projections (left: blue columns, right: blue solid curves) and for the selected volume (vertical gray bars) decomposed into linear first- and
second-order SH B0 shim requirements. The solution of the resultant set of linear equations is then applied to convert the B0 curves to first- and second-order SH B0 shim re-
quirements (red dashed) and to predict the achievable B0 homogeneity (green solid). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig.9. Whole-brain B0 homogenization as a function of SH shim order (here, 4 T). SH shimming is capable of removing a large part of the B0 imperfections observed in the human
brain. The inclusion of higher orders allows progressively better results and a nearly perfect elimination of the widespread shallow terms. The localized B0 terms observed in the
temporal lobes and the prefrontal cortex are beyond the modeling capability of available SH shimming and can only be reduced but not removed.
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(MRSI) with dynamically updated zero- to third-order SH B0 (and
B1
þ) shimming has been demonstrated in the human brain at 7 T

[48].
In principle, dynamic shimming using first-order SH shapes can

be achieved on every MRI scanner with the system's amplifier
electronics and built-in gradient coils. B0 shim amplifiers, however,
are generally designed to provide constant current output and are
not capable of rapidly altering currents as needed for dynamic
shimming. As such, second- and higher-order SH dynamic shim-
ming requires dedicated amplifier electronics for fast updating of
individual B0 shim conditions during the experiment [37,45]. The
rapid field switching with coils fitted to the scanner bore induces
eddy currents in the magnet's cold conducting structures that
result in a multitude of artificial field terms throughout the bore.
The quantitative spatial and temporal characterization of all these
field terms is necessary for the identification of significant com-
ponents [37,49,50]. Their experimental minimization by shim
preemphasis and B0 compensation is essential for successful
higher-order SH dynamic shimming [37,45,49]. Note that standard
B0 shim amplifiers are not capable of rapid current switching and
do not allow shim preemphasis; therefore, higher-order SH
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dynamic shimming is generally not possible on standard clinical
MRI scanners. Dynamic shimming is inherently more powerful
than static (global) shimming for any given shim system. The
increased effort and complexity of its experimental realizationwith
the inclusion of additional SH orders, however, is expected to
eventually outweigh its diminishing marginal returns [37].

Real-time shimming with spherical harmonic shapes

Correction fields for dynamic shimming as discussed above are
updated for each period spent by the MR sequence on its individual
subvolumes, typically once per repetition time. In other words, the
term “dynamic shimming” describes the fast serial adjustment of
otherwise constant shim fields over modular subvolumes consti-
tuting the overall ROI. Similar to static B0 shimming, the B0 distri-
bution is mapped ahead of time and shim corrections are derived
for the subsequent MR scan assuming unchanged B0 conditions. As
such, dynamic shimming does not account for temporal field var-
iations as they are observed in the human brain (e.g., due to
oscillatory changes in the body's susceptibility distribution during
breathing). A preparation scan for full spatiotemporal mapping of
c field homogeneity and shimming for in vivo magnetic resonance
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Fig.10. Illustration of dynamic B0 shimming. (A) Global B0 shimming aims to
compensate the field distortion (black parabolic) throughout the entire object at once
(gray dotted). However, if the assumed linear field modeling system (red) is not
capable of resembling the distortion, the difference (pink) will inevitably remain as
residual B0 inhomogeneities after the shimming process. (B) Complex field shapes can
be described by simpler terms when considered regionally over smaller volumes. This
characteristic is comparable to the approximation of a one-dimensional complex
mathematical function through straight lines (similar to the computation of a differ-
ence quotient) and becomes progressively more accurate as the considered functional
range becomes more localized. Dynamic shimming capitalizes on this principle by
breaking down a large volume such as the human brain into subunits. The adjustment
of subunit-specific shim settings (1e5, colored) then allows the improved optimization
of magnetic field homogeneity over the original larger volume based on the individual
improvements in the constituent subvolumes. Note that every active B0 shimming
method is more powerful when applied in a dynamic fashion irrespective of the
employed basis set. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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the B0 conditions in the brain over the subject's respiratory cycle
has been the basis for a continuous adaptation of B0 correction, so-
called real-time shimming, for the compensation of such tempo-
rally varying field alterations [51]. The term “real-time shimming”
has also been used to describe the periodic interleaving of MR se-
quences with B0 measurements and subsequent dynamic updating
of B0 field conditions such as once per repetition time. This tech-
nique is fast compared with the overall scan duration (hence, “real-
time”) and allows accounting for changing B0 conditions that result
from subject movement [52e54]. Continuous monitoring and
instantaneous correction of the gradient and shim coil performance
with a B0 field camera ensures optimal system stability [55,56] and
is expected to set the stage for development of truly real-time B0
shimming in the future.

Static and dynamic multi-coil shimming

The experimentally available low-order SH terms allow for the
modeling of, and thus compensation for, large-scale and shallow
magnetic field components. The complex field terms generated by
the sinuses in the human PFC and by the auditory cavities in the
temporal lobes cannot, however, be corrected adequately (Fig. 11D,
7 T [37]). Although significant improvements in B0 magnetic field
homogeneity have been demonstrated with dynamic shimming for
most parts of the human brain, even dynamic shimming with all
zero- to third-order SH terms is not capable of completely ho-
mogenizing the entire organ (Fig. 11F). Note the negative light blue
ring around the PFC field focus and the additional small field al-
terations induced in other parts of the brain. Similar to the example
of single-voxel B0 shimming with varying order SH functions
(Fig. 6), the field modeling is not capable of fully compensating for
the distortion. As such, the shim optimization balances field vari-
ations in different locations to improve its overall homogeneity.
More specifically, the dominant field focus in the PFC is reduced at
the expense of allowing some B0 imperfection in other parts of the
brain.

SH functions are only one of the possible basis sets for the
description and synthesis of magnetic fields. However, despite
some specialized non-SH shim approaches for the human PFC on
the basis of localized intra-oral coils [57] or a specifically tailored
set of external coils [18], the orthogonality of the basis shapes has
been accepted by the MR community as an essential prerequisite
for magnetic field modeling and shimming based on early reports
[31]. We recently demonstrated that a set of generic localized coils
can be converted to a powerful magnetic field modeling system
when each of the electrical coils is driven individually [58]. In other
words, the orthogonality of the basis functions is not a requirement
for successful magnetic field modeling. This multi-coil (MC)
concept allows for the synthesis of simple and complex magnetic
fields in a flexible and accurate fashion via the superposition of
generic non-orthogonal basis fields. B0 shimming with static and
especially dynamic (dynamic multi-coil technique or DYNAMITE),
MC techniques have been shown to outperform currently available
SH shimming procedures in the mouse brain [59,60], the rat brain
[61], and the human brain [17,62].

In the human brain, DYNAMITE B0 shimming is capable of
generating a magnetic field distribution that more closely re-
sembles the original distortion over the entire slice, including the
strong and localized field focus in the PFC (Fig. 11G). Correspond-
ingly, DYNAMITE shimming removes the largest part of the mag-
netic field inhomogeneity as predicted theoretically (Fig. 11H) and
shown experimentally (Fig. 11I). Note that neither B0 eddy currents
nor cross-talk between individual MC elements has been signifi-
cant with DYNAMITE; therefore, no compensation was necessary.

Static MC and DYNAMITE B0 shimming with dedicated coil
c field homogeneity and shimming for in vivo magnetic resonance
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Fig.11. Magnetic field modeling characteristics of different B0 shimming strategies (first row) and their performance for shimming of the human brain at 7 T (second row except
panel B). The zero- to third-order SH functions allow the synthesis and removal of shallow magnetic field components (C,E), but significant imperfections remain throughout the
brain or were even induced (D,F). DYNAMITE B0 shimming is capable of generating a magnetic field distribution that closely resembles the original distortion over the entire slice,
including the strong and localized focus in the PFC (G). Correspondingly, DYNAMITE B0 shimming removes the largest part of the field inhomogeneity, as predicted theoretically (H)
and shown experimentally (I). SH, spherical harmonic; DSH, dynamic spherical harmonic; DYNAMITE, dynamic multi-coil technique; ROI, region of interest.
Adapted from Juchem et al., J. Magn. Reson. 212 (2011)
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systems is well-established and has the potential to replace SH-
based B0 shimming due to improved shim performance and field
generation efficiency [60]. The application of constant currents to
the individual elements of RF phased arrays and the use of the RF
coil system for MC B0 shimming promise efficient use of limited
bore space [63,64]. MC and RF coil systems, however, do not share
all design principles, and B0 shim performance of merged MCeRF
systems equivalent to dedicated MC designs is yet to be shown. To
date, MC-based B0 shimming has not been applied to MRS. Its use is
conceptually identical to previous applications for MRI and is
currently pursued in our laboratory. Conventional SH shimming
provides high-level B0 homogeneity in most parts of the brain,
especially when applied locally for single-voxel MRS, and conse-
quently no further improvements are anticipated from MC-based
(or any other) B0 shimming techniques. Benefits of MC-based B0
shimming are expected, however, for applications such as multi-
voxel MRS and multi-slice MRSI that span larger parts of the
brain, potentially including areas of severe B0 disturbances.

The B0 field focus in the PFC is strongest at its ventral end and
falls off toward the central/dorsal brain (cf. Fig. 9). Therefore,
adequate B0 homogeneity can be more easily achieved in the cen-
tral PFC. The presentation of those slices, thereby excluding the
ventral PFC, might suggest an overall B0 shim performance that in
fact is possible only in the less critical parts of the brain. A more
complete impression can be achieved, for instance, with a 3D
representation focusing on the brain regions critical for B0 shim-
ming (Fig. 12, Above: static third-order SH; below: DYNAMITE B0
shimming of the human brain at 7 T). In this example, both
methods remove the largest part of the widespread shallow B0
components throughout the brain. However, following SH shim-
ming, significant B0 field imperfections remain in the PFC and the
temporal lobes where B0 distortions are localized and complex. The
combination of improved B0 field modeling capability and dynamic
shimming with DYNAMITE B0 shimming accomplishes largely ho-
mogeneous B0 conditions throughout the brain, including chal-
lenging areas such as the PFC and the temporal lobes.
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Summary and outlook: which shimming method is best for
me?

The existence of limited B0 homogeneity and the consequent
demand to cope with it secondary to an intended MR investigation
can be vexing. Given the experimental burden of B0 shimming and
the concomitant time requirement, there is a constant temptation
to compromise on this step. Magnetic field inhomogeneity, how-
ever, can lead to image distortion and signal loss in MRI and to
degraded spectral resolution, reduced sensitivity, and additional
varied artifacts in MRS. All such effects can severely limit or obviate
the validity of the corresponding investigations. Therefore,
adequate B0 homogeneity is a necessity, not a choice.

Optimal B0 shimming relies on the accurate knowledge of the
employed basis shapes and amplitudes and the precise synthesis of
the optimal B0 shim field determined theoretically. Therefore, the
comprehensive, high-quality calibration of any B0 shimming
method is of paramount importance because incomplete knowl-
edge or erroneous characterization of the shim system results in
regular suboptimal B0 shim performance. The B0 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 B0
shim system, but the dynamic range appears to be insufficient for
their compensation. The benefits of combined passive and active
SH B0 shimming have been presented for special cases in which the
dynamic range of active shimming alone has not been sufficient
[27,65]. In general, however, insufficient dynamic range of the B0
shim system inevitably reduces the attainable B0 homogeneity.

A variety of shimming methods has been developed for the
practical realization of B0 correction fields. The B0 distribution can
be altered passively through placement of magnetic materials or
actively by driving electrical coils. Active shimming is achieved by
combining a set of basis functions, either orthogonal (e.g., SH) or
non-orthogonal (e.g., MC). Dynamic B0 shimming is inherently
more powerful than static shimming irrespective of the employed
c field homogeneity and shimming for in vivo magnetic resonance
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Fig.12. Comparison of DYNAMITE and static third-order SH modeling for B0 shimming
of the human brain at 7 T. Both methods remove the largest part of shallow B0 com-
ponents throughout the brain. However, significant B0 field imperfections remain with
SH shimming in the PFC and the temporal lobes, where B0 imperfections are localized
and complex. The combination of improved B0 field modeling capability and dynamic
shimming with DYNAMITE B0 shimming allows largely homogeneous B0 conditions
throughout the brain, including challenging areas in the PFC and the temporal lobes.

C. Juchem, R.A. de Graaf / Analytical Biochemistry xxx (2016) 1e1312
basis set. To date, however, no trivial and effortless B0 shimming
method exists that provides perfect B0 homogeneity for all condi-
tions. Shimming techniques vary significantly in their performance
as well as the required effort, methodological complexity, and
financial burden of their implementation. Therefore, MR labora-
tories need to decidewhat shimming capabilities to make available,
and individuals need to select among the resultant range of
methods to employ. The best B0 shimming method depends on the
MR application for which it is used, and choosing is not a trivial task
given that multiple factors, including the species and region de-
pendency of apparent magnetic field distortions and the necessary
level of field homogeneity, are to be considered. For instance,
adequate magnetic field homogeneity throughout the entire hu-
man brain is required for true 3D whole-brain applications,
necessitating robust global static shimming. By contrast, excellent
B0 homogeneity can typically be achieved in small volumes for
single-voxel MRS with second-order SH functions [3]. In addition,
magnetic field homogenization of axial slices in dorsal brain re-
gions does not face the challenging B0 distortions characteristic of
ventral slices; thus, significantly simpler approaches can be suffi-
cient. Finally, someMR applications are less susceptible tomagnetic
field imperfections than others, and additional insignificant gains
in field homogeneity might not warrant the required additional
investment of resources, especially in clinical MRS studies that are
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inherently time-constrained. As a result, the successful MR
researcher requires not only broad familiarity with the execution of
various B0 shimming methods but also a deep comprehension of
the underlying theories and characteristics that render them the
best tools for a particular job.
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