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Abstract
Introduction The need for a homogeneous magnetic field in
magnetic resonance imaging is well established, especially
at high static magnetic field strengths where susceptibility-
induced image distortions and signal losses become exces-
sively large. Dynamic shim updating, where the optimal set
of shim currents is applied for each slice during a multi-slice
acquisition, has been shown to improve magnetic field homo-
geneity to a greater extent than conventional global shim-
ming.
Methods Here, in an initial feasibility study, we show via
simulation that improved efficacy of shimming can be achie-
ved by using the novel parcellated dynamic shimming method.
Results The results of these simulations indicate that parcel-
lated dynamic shimming based on just linear shim terms can
perform approximately as well as slice-based dynamic shim-
ming with up to third-order shim terms.
Conclusions This work shows that the effective magnetic
field inhomogeneity can be further reduced if shimming and
image data acquisition are sequentially performed over a
series of compact, cuboidal sub-volumes rather than planes.
Further work is needed to develop an imaging approach that
can be used for the optimal implementation of parcellated
dynamic shimming.
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Introduction

Magnetic resonance imaging (MRI) requires an intense
magnetic field that has a static, uniform magnitude and orien-
tation over the whole region of interest (ROI). However, in
real MRI experiments a perfectly uniform magnetic field is
never available, and there will always be some degree of
magnetic field inhomogeneity, �B0. Field inhomogeneity
may originate from a variety of sources each producing
effects of different magnitude. A well-installed MRI scan-
ner generates a highly homogeneous static magnetic field,
B0, with tolerances in the magnet manufacture producing
field inhomogeneities that are typically less than 0.5 parts-
per-million (ppm) in magnitude over the field of view (FOV)
used in imaging. However, once an object is introduced into
the field, B0 becomes more inhomogeneous. This inhomo-
geneity results from differences in magnetic susceptibility
within the sample and in biological samples tends to have
a magnitude of a few ppm. The most severe effects in the
human head are seen in the inferior frontal cortex, super-
ior to the sphenoid and ethmoid sinuses and in the inferior
temporal cortex, superior to the external auditory canal and
mastoid air cells [1].

Magnetic field inhomogeneity causes signal loss in
gradient echo images resulting from intra-voxel phase dis-
persion. In general the larger voxel dimension in the slice
direction means that it is field variation across the slice that
most readily causes this signal attenuation, leading to regions
of signal “drop-out”. Field inhomogeneity also causes image
distortion resulting from the mis-registration of signals due to
unwanted spatial variation of resonance frequency. This geo-
metric distortion can be corrected using a previously acquired
B0 map and post-processing the image data [2], but the loss
of signal from through-slice field variations is not recovered
by this process. Echo planar imaging (EPI), which is used
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for the majority of fMRI studies, is particularly sensitive
to such distortion as a result of the relatively long signal
read-out time that has to be employed. Field inhomogeneity
taking the form of a gradient in the phase encoding direc-
tion also causes a shift of the apparent echo time leading to
spatial variation in the sensitivity to BOLD contrast [3]. All
of these effects are exacerbated at high static field strengths
[4] since susceptibility-induced field inhomogeneity scales
linearly with B0.

The field perturbation, �B0, may be approximated as
a weighted linear combination of spherical harmonic basis
functions [5]. MRI scanners are equipped with a set of shim
coils that generate magnetic fields approximating the form of
the low-order spherical harmonics. �B0 is ameliorated in the
shimming process by passing currents, set manually or auto-
matically, through the shim coils. With expert knowledge of
how each of the spherical harmonic �B0 component mani-
fests itself in the free induction decay (FID), currents in the
shim coils can be manually adjusted to minimise the rate of
signal decay [6,7]. Automatic FID shimming [8,9] involves
finding the shim currents that maximise the time integral of
the magnitude of the complex FID signal using search algo-
rithms, such as the simplex algorithm (e.g., [10, Sect. 10.4]).

Prammer et al. [11] introduced the concept of measuring
the spatial variation of �B0, analysing its spherical harmonic
content and setting the currents in the shim coils to maximally
annul �B0. Here, we refer to this technique as global shim-
ming to distinguish it from the other methods of shimming.
FASTMAP and its derivatives are time-efficient methods of
acquiring the required information about �B0 [12–14], and
are now commonly used in clinical MRI scanners.

z-Shimming is a technique that reduces the amount of
signal lost due to through-slice field variations via appli-
cation of compensation gradients [15,16]. In this approach
additional image data are acquired with different slice-select
gradient rephase pulse amplitudes and recombined to form
an image showing reduced signal loss. The need to acquire
additional image data means that z-shimming extends the
imaging time and is, therefore, often impractical for fMRI.
Tailored radio-frequency (TRF) pulses producing non-
uniform through-slice phase responses have been used to
recover signal losses from severely affected regions [17–19].
However these techniques either decrease the overall SNR of
the data or increase the data image acquisition time. In pre-
vious work it has been shown that shimming a small region
allows the recovery of signal from that region whilst making
the field in the rest of the FOV significantly worse [20,21]. In
multiple acquisitions the data can be segmented and recombi-
ned to give a good signal in all areas, but again these methods
require additional time to acquire.

Dynamic shimming (or dynamic shim updating, DSU)
[22–24], is similar to the field-map-based shimming approach
of Prammer et al. [11] in that it involves calculation of the

shim currents that maximally annul �B0. With dynamic
shimming, however, this process is performed separately for
each slice of a multi-slice data acquisition [22] and the shim
coil currents are then changed for the acquisition of each
slice. Reducing the size of the shimming volume to that
of single slice sub-volumes reduces the spatial extent over
which the field may vary and therefore the number of sphe-
rical harmonics needed to characterise the field variation,
allowing a better average cancellation of the field inhomoge-
neity over the whole multi-slice volume. Implementation of
dynamic shimming, however generally requires the scanner
hardware to be modified, since in most systems the shim coils
and power supplies are not designed to allow the shim cur-
rents to be changed on the time-scale of an individual slice
acquisition.

In this work we expand upon the dynamic shimming idea
and propose parcellated dynamic shimming, in which the
sub-volumes used in acquisition are cuboids rather than slices
[25]. This approach further reduces the spatial extent of the
sub-volume over which shimming is performed so that �B0

is better approximated by a limited number of spherical
harmonic terms. We test the efficacy of this approach by
simulation of the effects of global, slice-based dynamic and
parcellated dynamic shimming on magnetic field maps span-
ning the whole brain, which were acquired from 11 subjects.

Methods

Magnetic field inhomogeneity data

Field maps spanning the whole brain were acquired using
a dual-echo, 3D gradient echo sequence, with echo times
TE1 = 2.2 ms and TE1 = 20.0 ms on a Philips 3T Achieva
MRI scanner. Each data set took less than 2 min to acquire.
The phase of the images generated from the two different
echoes was unwrapped [26], followed by subtraction and sca-
ling of the resulting difference images to yield maps of the
magnetic field offset, expressed in ppm of the static magne-
tic field. The phase maps are automatically masked by thre-
sholding the skull-stripped [27] magnitude images prior to
phase unwrapping. Eleven such �B0 data sets were acqui-
red from consenting, healthy volunteers with 2 mm isotropic
resolution and a matrix size of 96 × 96 × 66, which was
zero padded to 96 × 96 × 96. This zero padding allowed
the total volume to be simply divided up into similar num-
bers of parcels as the image sub-volume dimensions were
varied at fixed sub-volume size (e.g., allowing comparison
of the performance of a 48 × 12 × 8 sub-volume scheme
to a 12 × 8 × 48 scheme). Subjects were positioned in the
magnet with the nasion at isocentre and with the orientation
of the head constrained only by the relatively tight fitting
eight-channel RF coil (inside diameter = 230 mm). Precise
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control of the position and orientation of the subject’s head
within the FOV was not desired since we aimed to use data
that were representative of typical fMRI studies. A magnetic
field map for each shim coil (up to and including third-order
shims) was generated by calculation of the appropriate sphe-
rical harmonic on the matrix of points at which the field data,
�B0(r), were measured with the centre of the FOV defining
the isocentre of the generated field maps. Such maps may
also, and more accurately, be obtained by directly mapping
the field generated by actual shim coils.

Global shimming

The shim currents, I shim, required for shimming can be obtai-
ned by pseudo-inversion (indicated by the † symbol), of a
matrix describing the shim fields, Bshim

0 , multiplied by the
field required to maximally null �B0

I shim = −�B0

(
Bshim

0

)†
(1)

where I shim = [I {0,0}, I {1,0}, I {1,1}, . . . , I {n,m}] and Bshim
0 =

[B{0,0}
0 , B{1,0}

0 , B{1,1}
0 , . . . , B{n,m}

0 ].I {n,m} is the current to be
passed through the shim coil that produces the spherical har-
monic with order n and degree m, and B{n,m}

0 is the magnetic
field generated at the set of measurement points by passing
1 A current through the {n, m} shim coil.

Slice-based dynamic shimming

In slice-based dynamic shimming [22], Eq. (1) is solved sepa-
rately for each imaging slice. The calculated currents are
then applied to the shim coils for the time period in which
the appropriate slice is being imaged. In this case �B0 and
Bshim

0 only contain magnetic field values from the single slice
that is currently being imaged, meaning that �B0 becomes
essentially 2D in slice-based dynamic shimming. This means
that the fields from some shim coils become degenerate. For
example, in dynamic shimming where axial slices are acqui-
red and shimmed individually, z is constant throughout the
sub-volume and therefore the Z0 shim and Z-gradient terms
become degenerate. Similarly, the X-gradient and ZX shim
terms (and also the Y-gradient and ZY shim terms) become
degenerate. Through-slice gradients can still detrimentally
affect the quality of the image. A magnetic field variation
through the slice will cause dephasing and signal loss. The
issue of shim degeneracy and through-slice linear gradients
for oblique slices has been discussed more fully by Koch
et al. [28].

Parcellated dynamic shimming

Equation (1) is solved for each sub-volume in parcellated
dynamic shimming, but now �B0 and Bshim

0 contain values

from a small cuboidal region. Slice-based dynamic shimming
can be viewed as a special case of parcellated shimming in
which the shimming sub-volume has two dimensions that
are the same in extent as those of the whole imaging volume,
while being only one voxel thick in the third dimension.

In this work we investigate how the geometry of the sub-
volumes affects the efficacy of shimming. To characterise
the geometry of the sub-volumes used in the parcellation,
we introduce a dimensionless “compactness” parameter, C ,
where

C =
3
√

V√
V A

. (2)

Here V describes the size of the shimming sub-volume while
SA is its surface area, so that C is large for compact
sub-volume geometries (e.g., cubes) and small for flat geo-
metries with large extent (e.g., thin slabs). The efficacy of
shimming, ε, was characterised using the percentage change
due to shimming of the standard deviation of �B0 measured
over the whole imaging volume:

ε = σpre − σpost

σpre
× 100 (3)

where σpre = ||�B0|| and σpost = ||�B0 − I shimBshim
0 || and

||.|| denotes the l2-norm.

Parcellation schemes

The way in which the imaging volume is subdivided is refer-
red to as the “parcellation scheme” and is defined by the
dimensions of the sub-volume, written as Nx × Ny × Nz .

Nx , Ny and Nz describe the numbers of voxels spanning the
left–right, anterior–posterior and foot–head dimensions of
the sub-volume. For instance, for the data analysed here,
dynamic shimming based on axial slices would be termed
the 96 × 96 × 1 scheme, while a more compact parcellation
scheme might employ a 24×24×16 sub-volume size. These
two sub-volumes have the same volume, V = 9,216 voxels
(or 73,728 mm3), but compactness values of 0.153 and 0.404,
respectively. In this work we chose that any dimension could
be subdivided into 1, 2, 3, 4, 6, 8, 12, 18, 24, 32, 48, or 96 parts.
If the scan size is not conveniently factorised, the image data
may simply be cropped or zero-padded to a convenient size.
We also prescribed that the minimum volume for a parcella-
tion scheme would be 9,216 voxels. There are 313 different
possible parcellation schemes that conform to these criteria
with volumes ranging from 9,216 to 884,736 voxels and com-
pactness values from C = 0.153 to 0.408. Figure 1 shows
the shapes of all the sub-volumes for parcellation schemes
using 9,216 voxels. The effect of first, second and third-order
shimming was simulated for each parcellation scheme using
data from all 11 subjects and the resulting values of shimming
efficacy, ε, recorded.
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Fig. 1 Sub-volumes that contain 9,216 voxels used in parcellation of
a 96 × 96 × 96 voxel-sized region. Permutation of the sub-volume
dimensions along the three Cartesian axes can be used to produce other
parcellation schemes (e.g., 96 × 96 × 1, 96 × 1 × 96, 1 × 96 × 96). The
full imaging volume is also shown

A convenient way to categorise the 313 different parcella-
tion schemes is to consider the number of dimensions of the
full imaging volume that the sub-volume fully spans. Clearly,
the global shimming (96 × 96 × 96) volume spans the ima-
ging volume in all three dimensions, x, y, and z (sub-volume
shown in yellow in Fig. 1), and in the slice-based dynamic
shimming schemes the sub-volume spans two dimensions of
the full volume (red in Fig. 1). In 195 of the 313 schemes the
sub-volume spans just one full dimension (green in Fig. 1),
while in the remaining 114 cases the sub-volumes have no
dimensions that span the whole imaging volume (blue in
Fig. 1). Parcellation schemes in which the sub-volume spans
at least one dimension of the whole volume are likely to be
more straightforward to implement practically.

Current constraints

In the simulations discussed so far in this work, the restric-
tions on the shim coil currents that are inevitably present in a
real system have not been considered. We now go on to des-
cribe the effects of limiting the shim currents. The amount
of current that can be passed through a shim coil is limited
by resistive heating effects and the capacity of the power
supply used to drive the coil. This in turn limits the magni-
tude of the spherical harmonic that a particular shim coil is
capable of generating. Simply truncating the current to the
maximum allowed value when the calculation prescribes a
greater than possible current leads to a non-optimal shim; it
is better to take into account the current limitations when sol-
ving Eq. (1) [29]. Here we simulate the effect on ε of placing
a restriction on the amount of available current, I max, for
some of the different parcellation schemes when considering
up to and including second order shims. This was accompli-
shed by using the lsqlin function in Matlab’s Optimisa-
tion Toolbox�, which uses a subspace trust region method
based on the interior-reflective Newton method as descri-
bed in [30]. In these calculations, the shim coil efficiencies

Fig. 2 Efficacy of shimming, ε, for global, slice-based dynamic, and
best parcellated shimming schemes averaged over all 11 subjects.
Results for shimming using up to first, second, and third order shim
terms are shown. In each case the error bars indicate the standard devia-
tion of ε over all subjects

were based on values previously obtained from designing
coils for an insertable gradient and second-order shim coil
set [31]. These coils were designed using a distributed wire
pattern, arbitrary geometry technique [31–33] to have high
efficiency and low inductance, in order to allow the currents
in the shims to be switched rapidly during implementation
of dynamic shimming. The coil efficiencies, η are given in
m T m−n A−1 in Table 1, where n is the order of the coil.

Results

The results produced by simulating the effect of the various
shimming schemes on the measured field maps are shown
in Figs. 2, 3, 4, 5, and 6. Figure 2 shows a comparison of
the efficacy of global shimming, axial, coronal and sagittal
slice-based dynamic shimming and the best performing par-
cellation scheme averaged over all 11 subjects. In each case,
the figure shows the results for shimming with all shim terms
up to first-order, second-order, and third order, and the error
bars on the graph indicate the standard deviation of measu-
rements over all subjects.

Figure 3 shows the variation of the efficacy of shimming
as a function of the compactness for all parcellation schemes
that employ 9,216 voxels per sub-volume, while Fig. 4 shows
how the efficacy of shimming varies with the cube-rooted
volume of the sub-volume parcellation scheme. The way in
which constraining the current in the shims, based on the
shim coil efficiencies detailed in Table 1, affects the effi-
cacy of shimming at 3 T for second-order shimming with the
96×96×96, 96×96×1, 96×12×8 and 48×24×8 parcel-
lation schemes is demonstrated in Fig. 5. These curves will
move towards lower currents with an increase in magnetic
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Table 1 Shim field equations
and efficiencies for shim coils
up to second-order

Here n and m are the order and
degree of the spherical harmonic

Shim type {Order, degree} Field equation Efficiency, η (µT m−n A−1)

{n, m}
Z0 {0, 0} 1 9.1

Z {1, 0} z 121

X {1, 1} x 100

Y {1,−1} y 119

Z2 {2, 0} z2 − 1
2 (x2 + y2) 340

ZX {2, 1} 3zx 360

ZY {2,−1} 3zy 411

X2–Y2 {2, 2} 3(x2 − y2) 181

XY {2,−2} 6xy 252

Fig. 3 ε Versus C for second-order parcellated dynamic shimming for
schemes containing 9,216 voxels per sub-volume. Schemes employing
sub-volumes with 2, 1 and 0 dimensions that span the whole imaging
volume are show in red, green and blue, respectively, and some poten-
tially useful schemes are labelled. Linear regression lines are plotted
for all the data (solid line) and just for those schemes with sub-volumes
spanning 1 or 2 full image volume dimensions (dashed line)

field strength. These are the best performing schemes using
sub-volumes that span 3, 2, 1 and 0 dimensions of the full
imaging volume. A range of logarithmically spaced current
limits were used from 0.001 to 10 A.

Axial, coronal and sagittal anatomical images and field
maps along with histograms of �B0 based on data from one
representative subject are shown in Fig. 6 for different shim-
ming schemes. This demonstrates the homogeneity improve-
ment that can be gained by using slice-based dynamic rather
than global shimming, and the further improvement that can
be achieved using parcellated dynamic shimming.

Fig. 4 The mean shimming efficacy for each different parcellation
volume against the cube-root of the volume. Error bars indicate one
standard deviation above and below the mean

Discussion

The simulated results shown in Fig. 2 demonstrate that when
zeroth- to third-order shims are used, ε is increased by up to
14% by using slice-based dynamic shimming rather than glo-
bal shimming and by up to 22% by using the best-performing
parcellation scheme in which the sub-volume is 48 × 24 ×
8 pixels in size. Similar fractional gains in efficacy occur
when shims of up to only second or first order are used.
The best shimming efficacy is achieved with conventional
slice-based shimming when axial slices are used. Figure 2
also shows that, as would be expected, ε increases for all
shimming schemes as the number of shim terms is increased
to include second and then third-order terms. Interestingly,
however, the best parcellated scheme employing first-order
shims only yields a similar shimming efficacy to that achie-
ved using the slice-based dynamic shimming scheme with

123



Magn Reson Mater Phy

Fig. 5 The variation of the shimming efficacy as the maximum
absolute current limit is altered for the 96 × 96 × 96, 96 × 96 × 1,
96 × 12 × 8 and 48 × 24 × 8 parcellation schemes, assuming operation
at 3 T

up to third-order shim terms included. It can also be seen
from Fig. 2 that the standard deviation of ε is significantly
smaller for the best parcellated scheme, indicating that this
approach is better able to cope with the natural variation of
�B0 across the 11 subjects. Figure 6 demonstrates that the
strong, local field inhomogeneity occurring in the inferior
frontal cortex and above the ear canals is better eliminated
by using the best parcellated scheme rather than the conven-
tional or slice-based dynamic shimming approaches.

Figure 4 shows that on average the efficacy of shimming
increases as the size of the sub-volume used for parcella-
ted dynamic shimming is decreased. Figure 3 demonstrates
that at fixed volume the efficacy of shimming increases in
an approximately linear fashion with the compactness of the
sub-volume. These findings result from the fact that it is pos-
sible to generate a better representation of the typical spatial
pattern of �B0 found in the head with a relatively small
number of low order spherical harmonics, when the fitting
is applied separately within small sub-volumes which have
similar spatial extent in all three dimensions.

Although there is a linear trend for ε to increase with
C , the parcellation scheme that performed best on average
over the 11 subjects studied here was that with sub-volume
dimensions of 48 × 24 × 8 (C = 0.357). The fact that the
best scheme is not the most compact indicates that the choice
of resolution, FOV and the specific morphology of �B0 for
each subject are important factors in determining the per-
formance of different parcellation schemes. The excellent
performance of the 48 × 24 × 8 scheme suggests that seg-
mentation of the volume into many partitions in the inferior–
superior direction is most advantageous. This is consistent
with the finding that slice-based, dynamic shimming using

axial slices outperforms the schemes employing coronal or
sagittal slice orientation, and probably results from the limi-
ted axial extent of the strong local field distortions that are
generated in the inferior frontal cortex, superior to the sphe-
noid and ethmoid sinuses, and the inferior temporal cortex
superior to the external auditory canal and mastoid air cells.
�B0 generally exhibits reflectional symmetry about the cen-
tral sagittal slice, which is one possible reason that schemes
which only divide the x-direction into two halves perform
well. Also, parcellation schemes that have one dimension
spanning the imaging volume in the x-direction generally
outperform those spanning the y or z-directions.

Figure 5 shows the way in which limiting the current in
the shims alters ε. It is evident that ε begins to decrease ear-
lier as the current limit is lowered for slice-based, dynamic
shimming and more so for parcellated dynamic shimming,
indicating that more intense shim fields are required for these
schemes if they are to achieve their full potential. If the cur-
rents in the shim coils were simply truncated to their maxi-
mum values after fitting, the advantage of using parcellated
dynamic shimming may be lost, and it is therefore impor-
tant to take the current limits into account when calculating
the shim currents. Actual current limits will depend on the
properties of the gradient and shim coils and of the power
supplies with which they are driven and so will vary from
system to system.

By reducing the net magnetic field inhomogeneity, par-
cellated dynamic shimming should allow images with less
distortion and signal drop-out to be obtained. However, the
implementation of an imaging protocol that is compatible
with parcellated dynamic shimming has yet to be demons-
trated. Ideally, the shimming, signal excitation, and acquisi-
tion protocols should be compatible and introduce no extra
time penalty, reduction of signal-to-noise (SNR) or loss of
sensitivity to functional activity over established methods for
high speed brain imaging. Echo volumar imaging (EVI) [34]
provides the most promising platform for implementation of
parcellated dynamic shimming since it allows the acquisition
of data from a cuboidal region in a single shot and previous
work has shown that EVI can be combined with outer volume
suppression (OVS) [35] so as to generate image data from a
sub-volume of the human brain [36].

The use of OVS is however problematic when trying to
sequentially scan multiple sub-volumes so as to acquire data
rapidly from a whole imaging volume. This is because the
OVS module used when acquiring data from one sub-volume
leads to suppression of the magnetisation from other sub-
volumes, necessitating the acceptance of a loss of signal
intensity or an increase in TR to allow more time for longitu-
dinal magnetisation to recover. A more promising approach
may be to use 2D or 3D spatially selective tailored radio-
frequency pulses (SSTRF) [37–40] to excite the signal from
the sub-volumes. Although such pulses tend to be long in
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Fig. 6 Anatomical images showing the slice positions and maps of the
magnetic field offset in sagittal, coronal, and axial slices of one sub-
ject before and after second-order shimming using the 96 × 96 × 96,

96 × 96 × 1 and 48 × 24 × 8 parcellation schemes. Histograms and
RMS values, σ , of the magnetic field offset for each scheme are also
shown

duration and sensitive to off-resonance effects, parallel
transmission techniques, such as transmit SENSE [41] have
been shown to be capable of ameliorating these problems,
potentially making the use of 3D-SSTRF pulses in conjunc-
tion with EVI a viable method for carrying out parcellated
dynamic shimming. The greater ease of implementation of
2D rather than 3D-SSTRF pulses means that parcellation
schemes that only require that selective excitation defines the
volume in two spatial dimensions are more likely to be expe-
rimentally feasible. Parcellation schemes in which at least
one dimension of the sub-volume spans the whole imaging

volume fulfil this requirement and so their performance has
been separately highlighted in the “Results” and “Discus-
sion” sections. It is also important to note that both OVS and
SSTRF techniques are affected by magnetic field inhomoge-
neity, and this issue will have to be addressed in a practical
implementation of parcellated shimming.

Band-pass filtering of the NMR signal can also be used
to limit the extent of the imaged sub-volume in the read
direction, thus reducing the required dimensionality of the
selective excitation by one, but with this approach the magne-
tisation in more than one sub-volume would be excited during
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each acquisition leading to a similar loss of sensitivity during
sequential acquisition of sub-volumes to that which would
occur when OVS is employed. Figure 4 shows that reducing
the size of the sub-volume increases the efficacy of parcel-
lated dynamic shimming, but such a reduction clearly also
increases the number of sub-volumes from which data must
be acquired in order to sample the whole imaging volume.
If this number becomes too large, the minimum accessible
TR will have to be increased to accommodate all of the sub-
volume acquisitions. Further exploration of the compromise
between shimming efficacy and minimum accessible TR via
variation of the sub-volume size is needed.

With a fixed signal acquisition window length (and conse-
quently fixed sensitivity to field inhomogeneity induced dis-
tortion) and fixed image resolution, the number of echoes that
can be acquired in an EVI sequence is limited by the acces-
sible strength and slew rate of the read gradient. Applying
the read gradient along the direction corresponding to the
dimension of the sub-volume of greatest spatial extent is
therefore likely to be advantageous, since this requires the
minimum number of echoes in the EVI acquisition. It is
worth noting that parallel imaging techniques [42] can be
used to reduce further the number of echoes that need to be
acquired. In the case of the 48 × 24 × 8 parcellation scheme
which was shown to provide the best shimming efficacy, the
optimal approach would be to apply the read gradient in the
x-direction, so that the EVI sequence would require the acqui-
sition of 24×8 = 192 echoes. Application of SENSE with an
acceleration factor of two (applied in the y-direction) would
reduce this number to a more reasonable value of 96. Further
reduction in this number could be achieved via use of a 2D
acceleration.

Shim terms that show similar in-plane field variation, but
which have different dependence on the slice-direction
co-ordinate become degenerate in slice-based dynamic shim-
ming schemes. This reduces the number of shim terms avai-
lable for shimming. However through-slice linear gradients
may still cause signal loss in images. This can be ameliorated
by taking into account the field measured in the slices that
are adjacent to the imaging slice and applying a gradient that
is the inverse of the average through-slice gradient.

If the parcellated dynamic shimming method is conside-
red to be a generalisation of global and dynamic shimming, a
further generalisation could be conceived involving a subdi-
vision of the imaging volume into cuboidal sub-volumes of
varying size. With this approach, it may offer some benefit
to use large sub-volumes in areas of the brain where small
variations in �B0 occur and to use smaller sub-volumes in
other regions where �B0 has higher intensity and varies
more rapidly with position. The excellent shimming that can
be observed from the parcellated scheme field map images
in Fig. 6 is achieved in part because the boundary between
adjacent sub-volumes falls within the area of high field

inhomogeneity in the inferior frontal cortex. An adaptive
mesh refinement (AMR) algorithm [43] based on the shape of
the measured �B0 may be able to decide the best arbitrary
subdivision of the whole volume. Furthermore, employing
non-cuboidal, tessellating sub-volumes provides an even
more generalised approach, which would yield more effi-
cient shimming, although combining these more generali-
sed concepts with imaging protocols would be very difficult
indeed.

The shimming efficacy measure, ε, is a good parameter for
estimating the reduction in �B0. It is not possible, however,
to achieve ε = 100% since some noise and errors are inevi-
tably present in the field maps. Noise in the field maps may
simply arise from random noise in the measured phase maps.
More significant errors in the field map occur from chemical
shift differences of tissues in the body, flow, incorrect mas-
king of the brain region and from the phase-unwrapping algo-
rithm. The phase-unwrapping algorithm used in this work
[26] first unwraps each slice of the data sequentially and
then unwraps in the third dimension. Any unconnected brain
regions within a slice may not have consistent unwrapped
phase and therefore erroneous�B0 values are recorded. A 3D
phase unwrapping algorithm would eliminate these errors
(e.g., [44]).

Conclusions

The primary aim of this paper is to show that parcelled dyna-
mic shimming potentially provides a more effective method
than conventional slice-based dynamic shimming in reducing
the magnetic field inhomogeneities in the head. This has been
achieved by simulated shimming of 3D magnetic field inho-
mogeneity maps obtained from 11 subjects with a dual-echo,
3D gradient echo field mapping sequence. The efficacy of
shimming was calculated from the standard deviation of the
field inhomogeneity calculated before and after shimming.
Using up to second-order shim terms, global (whole volume),
slice-based dynamic, and parcellated dynamic shimming
were found to yield shimming efficacies of 63 ± 16%, 73 ±
10% and 84 ± 6%, respectively. The results obtained in this
work indicate that greater improvements in magnetic field
homogeneity, can be gained via implementation of parcel-
lated dynamic shimming with only first-order shims than is
possible with global or slice-based dynamic shimming using
up to third-order shim terms.

These findings indicate that it is certainly worthwhile to
pursue an experimental implementation of parcellated dyna-
mic shimming and it is hoped that this publication will sti-
mulate further work in this area. We have identified the use of
EVI in conjunction with volume selective excitation as the
best way of experimentally realising the advantages of the
parcellated shimming approach and are working towards its
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implementation at 7 T. The development of robust parallel
imaging approaches for use with EVI and implementation
of short-duration, 2D or 3D-SSTRF pulses at 7 T form the
current focus of this effort.

While the work described here has focused on homoge-
nising the magnetic field generated by susceptibility diffe-
rences of tissues inside the human head, parcellated dynamic
shimming is a general technique that could be applied to
other parts of the body, or to other species. The motivation
for this focus was the desire to provide an approach allowing
sensitivity losses and image distortion in functional studies
of brain activity, to be minimised, particularly at high static
field strengths (�3 T) where these effects become increasin-
gly severe.
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