
www.elsevier.com/locate/jmr

Journal of Magnetic Resonance 173 (2005) 10–22
Computer simulation studies of the effects of dynamic shimming
on susceptibility artifacts in EPI at high field

Yansong Zhaoa,*, Adam W. Andersonb, John C. Goreb

a Department of Electrical Engineering, Yale University, New Haven, CT 06520, USA
b Institute of Imaging Science, Vanderbilt University, Nashville, TN 37235, USA

Received 29 April 2004; revised 1 November 2004
Available online 8 December 2004
Abstract

Dynamic shimming in multi-slice imaging aims to achieve optimal magnetic field homogeneity by updating the shim coil currents
for each slice in real time. Dynamic shimming may reduce the signal loss and geometric distortion caused by magnetic susceptibility
variations between tissues and is likely to be valuable for fast T �

2-sensitive imaging techniques like EPI. A computer simulation of
dynamic shimming using real image data has been developed to demonstrate the effectiveness of higher order dynamic shimming for
echo planar imaging at high magnetic field, and to investigate the potential benefits of different orders of shim coil. Geometric dis-
tortions and signal intensities for different degrees of dynamic shimming were simulated and the results are compared with the
images obtained with a conventional shimming technique. These results demonstrate the effectiveness, necessity and difficulty of high
order dynamic shimming.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In magnetic resonance imaging, magnetic susceptibil-
ity variations within tissues cause distortions in the mag-
netic field. Such field fluctuations, which occur primarily
at the interfaces of air, tissue, and bone, where the sus-
ceptibility changes rapidly over short distances, lead to
two types of artifact in reconstructed T �

2-weighted MR
images, geometric distortion and signal losses [1]. These
two artifacts become more severe in widely used fast
gradient echo imaging techniques, such as gradient echo
EPI, which are extremely sensitive to field inhomogene-
ities. In functional MRI, the processed functional
images are usually overlaid onto higher resolution ana-
tomical images to show the location of activated brain
1090-7807/$ - see front matter � 2004 Elsevier Inc. All rights reserved.
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regions. Geometric distortions within the images lead
to errors in the localization of activity, while signal
losses may create signal voids that then cannot be stud-
ied. Many regions of brain that might be of interest for
functional studies, such as the frontal lobes and the tem-
poral lobes, are impossible or difficult to examine with
such gradient echo techniques. Although the BOLD ef-
fect increases with magnetic field strength, susceptibility
artifacts also are more severe at higher field. The devel-
opment of methods to reduce the effects of susceptibility
variations is an important goal for the further exploita-
tion of high field imaging.

Several methods have been proposed for reducing
susceptibility artifacts. Such methods include automatic
shimming [2–9], z-shimming [10–13], the use of tailored
RF (TRF) pulses [14–16] and various post-processing
methods [17–20]. z-shimming and TRF recover signal
losses by correcting the through-plane intravoxel
dephasing, while most post-processing methods are de-
signed to correct geometric distortions caused mostly
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by in-plane phase errors. Automatic shimming aims to
achieve optimal field homogeneity and reduce both
geometric distortion and signal losses. Conventional
‘‘global’’ shimming techniques [2–4] optimize the mag-
netic field over the entire volume imaged, but with this
approach, localized field inhomogeneities caused by
susceptibility effects, which are often concentrated
within a specific area and weight only a small part of
the whole volume, cannot be effectively minimized. Bla-
mire et al. [6] and Morrell et al. [7] proposed a ‘‘dy-
namic’’ shimming method that optimizes the field
homogeneity locally by updating shim currents slice
by slice in real time during interleaved data acquisition.
This method has been extended recently to include
both first- and second-order shims [9]. Compared with
global shimming methods, dynamic shimming should
refine the magnetic field homogeneity more effectively,
especially in the areas where susceptibility effects are
strong.

On current imaging systems, the only shim coils that
can usually be updated in real time are the three first or-
der linear gradients in Z, X, and Y. Higher order shim
coils are usually not actively shielded and potentially
may cause severe eddy currents if updated dynamically.
In earlier studies only Z, X, Y, and Z0 were adjusted in
dynamically shimming whole brain [7]. However, some
regions in brain, such as the temporal lobes and the
anterior frontal lobes demand higher order shims to re-
move the effects of local variations. In general however,
the specific practical advantages of adding additional
terms have not been systematically investigated. The
addition of dynamic shims of 2nd, 3rd or even higher or-
ders would add cost and complexity to MRI systems,
and dynamic changes in shim currents may require cre-
ation of shielded shim coils. We therefore developed a
computer simulation to investigate how higher order dy-
namic shimming may benefit echo planar imaging,
chemical shift imaging, and how it may affect MRI
hardware design. We have calculated and compared
the field distributions within the head for different orders
of dynamic shimming and for global shimming, together
with the signal intensity and geometric distortions for a
typical echo planar imaging experiment, at different field
strengths. This simulation uses a new method for the
shim calculations. The field magnitudes in any three
adjacent slices were used in a least-squares multi-linear
regression to estimate the shim settings for the middle
slice. This results in greater through-plane homogeneity
in the resultant field distribution, and thus less signal
loss in the final images.
2. Methods

Computer simulations were written in Matlab (The
MathWorks Natick, MA) and performed on a PC plat-
form with 3 GHz Pentium4 processor and 1 GB mem-
ory. The first step for automatic shimming was
mapping the field variation in the volume of interest
using MR imaging. Then shim currents are calculated
by decomposing the measured field into orthogonal
components. Details of the field mapping and shim cur-
rent calculation are described below, as well as the meth-
ods used to calculate signal intensity and geometric
distortion.

2.1. Field mapping

Two sets of static magnetic field maps within a hu-
man head were acquired using a 1.5 T MRI scanner
(GE Medical Systems, Milwaukee WI). The field maps
were calculated from the phase difference of two gradi-
ent echo images obtained at different echo time with
multi-slice 2D gradient echo imaging and 3D gradient
echo imaging [3]. The unwrapped phases of the complex
images were subtracted and then divided by the differ-
ence in echo times to yield a frequency map. Data were
collected as 256 · 256 · 15 and 256 · 256 · 60 coronal
images, respectively. Field of View (FOV) was 24 cm
with 5 mm slice thickness and 12 mm interval for 2D
data and 30 · 30 · 18 cm for 3D data. Geometric distor-
tions in these images, which were obtained at high band-
width, were neglected. The field maps were then scaled
by 4/1.5 and 7/1.5 to simulate the field maps at 4.0
and 7.0 T scanning.

2.2. Shimming

The static magnetic field in MRI can be expanded
using spherical harmonics as orthogonal base functions,
and each term is then represented by a shim coil correc-
tion [21]. Shimming is the process of adjusting each coil
to cancel the unwanted harmonics. A limited number of
shim fields are available on any system, each of which is
produced by a coil and associated with one particular
spatial field distribution. Least-squares multiple linear
regression was used to decompose the measured field
maps in the brain into component spherical harmonics.
A ‘‘brain mask’’ was generated through segmentation
and was applied onto the field maps before decomposi-
tion so that only voxels inside the brain were used to
weight the fitting.

As many as 18 coils are often provided for shimming:
zero order: Z0 (center frequency); first order: Z, X, Y;
second order: Z2, ZX, ZY, X2 �Y2, XY; third order:
Z3, Z2X, Z2Y, Z (X2–Y2), ZXY, X3, Y3; fourth and
fifth order: Z4, Z5. In our simulation, all these 18 shim
terms were optimized to show the best homogeneity that
dynamic shimming can achieve. Dynamic shimming
with only first and second order terms were also simu-
lated to evaluate how effectively a more limited set of
coils could perform in practice.
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The difference between global shimming and dynamic
shimming is that the optimal shim terms for any slice or
region may not be the same for all slices. Global shim-
ming aims to achieve optimal shimming over the whole
volume. The field magnitudes at all points in the volume
of interest (VOI) are used to weight the linear regression
to get one set of coefficients for the whole volume. This
set of shim currents is then constant during scanning.
Dynamic shimming, on the other hand, aims to achieve
optimal shimming over each single slice. Only the field
magnitudes in the particular slice(s) to be imaged are
used in the linear regression to obtain a set of coeffi-
cients for this slice. Shim currents are then updated be-
fore scanning the next slice. In this way, local field
inhomogeneities, which may not be dominant over the
entire VOI, can be removed by dynamic shimming.

In this study, the field magnitudes in sets of three
adjacent slices were used to calculate the coefficients
for the middle slices (for the first and last slices, only
two slices are involved in the calculation). This allows
us to calculate not only the in-plane homogeneity but
also to accurately estimate through-plane effects. In
most MR imaging experiments, the slice thickness tends
to be larger than the resolution within the plane, so this
relatively large slice thickness tends to disperse the spin
phases during the echo time and causes most of the sig-
nal loss. A more homogeneous through-plane magnetic
field will recover more signal loss.

The homogeneity achieved was compared using the
standard deviation and the mean value of the frequency
deviations over each field map. The coefficients obtained
from the linear regression are shim current gradients in
Hz/cmn, where n is the order of shim harmonics. From
the changes of these gradients between slices, eddy cur-
rents can be estimated qualitatively.

2.3. Simulation of geometric distortion

Susceptibility variations produce both signal losses
and geometric distortion in EPI. The effectiveness of
higher order dynamic shimming on these susceptibility
artifacts may be demonstrated by comparing the signal
intensities and pixel shifts obtained in a typical echo-pla-
nar imaging experiment after dynamic shimming and
after conventional global shimming. We study these
two artifacts in the simulation separately.

The most perceptible artifact caused by in-plane field
inhomogeneities is geometric distortion. Assuming an
infinitely thin slice and neglecting T2 effects, the received
signal in the present of a magnetic field inhomogeneity
DB (x,y) can be expressed as:

Sðkx; kyÞ ¼
Z Z

qðx; yÞe�iðkxxþkyyÞe�icDBðx;yÞt dxdy; ð1Þ

in which q (x,y) is the spin density of the voxel, c is the
gyro-magnetic ratio and
kxðtÞ ¼ mDkx ¼ c
Z t

0

Gxðt0Þdt0; �Nx=2 6 m < Nx=2;

kyðtÞ ¼ nDky ¼ c
Z t

0

Gyðt0Þdt0; �Ny=2 6 n < Ny=2;

where Gx and Gy are the gradient strengths along the
readout and phase encoding directions, respectively. t
is the time at nth ky line and mth sample point (t starts
at the center of 90� RF pulse):

t ¼ T E þ nT � mDt; ð2Þ
TE is the echo time. T is the time interval between adja-
cent ky lines and Dt is the sampling ‘‘dwell’’ time (the
time interval between the acquisition of individual data
points). Nx and Ny are the matrix size for the readout
and phase encoding directions, respectively. Dkx (Dky)
represent gradient area increments in the readout (phase
encoding) directions.

The received signal of a gradient echo EPI is:

Sðkx;kyÞ ¼
Z Z

qðx;yÞexpf�iðmDkxxþ nDkyyÞg

� expf�icDBðx;yÞðnT �mDtþ T EÞgdxdy

¼
Z Z

½qðx;yÞexpf�icDBðx;yÞT Eg�

� expf�ikxðx� cDBðx;yÞDt=DkxÞg
� expf�ikyðyþ cDBðx;yÞT=DkyÞgdxdy: ð3Þ

According to the Fourier shift theorem, the additional
phase in k-space produced by DB will create a pixel shift
in the reconstructed image. A pixel originally at (x,y)
will be at (x1,y1) in the reconstructed image q1 (x1,y1)

x1 � x ¼ � cDBðx; yÞDt
Dkx

;

y1 � y ¼ cDBðx; yÞT
Dky

:

ð4Þ

Foran imagewithpixel size ofDx · Dy,Dkx = 2p/(NxDx),
andDky = 2p/(NyDy). So the relative pixel shifts are:

x1 � x
Dx

¼ �NxDf ðx; yÞDt;
y1 � y
Dy

¼ NyDf ðx; yÞT ;
ð5Þ

where Df (x,y) = cDB (x,y)/2p.
Consider for example an EPI acquisition with trape-

zoidal read gradient waveform and triangular phase en-
code blips:

T ¼ NxDt þ 2sr; ð6Þ
where sr is the rise time of the switched gradient.

The relative pixel shifts become:
x1 � x
Dx

¼ � Nx

BW
Df ðx; yÞ;

y1 � y
Dy

¼ 2sr þ
Nx

BW

� �
NyDf ðx; yÞ:

ð7Þ

BW is the receiver bandwidth, BW = 1/Dt.
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Note that Eq. (7) also holds for spin echo EPI. In spin
echo EPI, since a 180� pulse rephases the spins at m = 0,
n = 0, the phase evolution during the echo time TE will
be zero; there will not be a phase term exp(�icDB
(x,y)TE) as in the gradient echo EPI (Eq. (3)). Thus, gra-
dient echo EPI and spin echo EPI will have identical
geometric distortions, but gradient echo EPI will suffer
more from signal losses.

The pixel shifts in a typical EPI experiment with
125 kHz bandwidth, 200 ls gradient rise time and
64 · 64 matrix were simulated. Since EPI images are
geometrically distorted predominantly along the phase
encoding direction, only relative pixel shifts in the phase
encoding direction were calculated in the simulation.
(The largest pixel shifts in the readout direction is less
than 7% pixel before any shimming at 7 T in our simu-
lation, which is barely perceptible). The root-mean-
square (RMS) values of relative pixel shifts over each
slice were used to quantify the gross geometric distortion
of the slice.
2.4. Simulation of signal intensity

Signal losses can be more serious artifacts than geo-
metric distortion for many applications of EPI. In a gra-
dient echo experiment, for an individual voxel in the
volume of interest, the signal induced in the NMR recei-
ver coils is given by:

S ¼
Z

d3rqðrÞei/ðrÞ; ð8Þ

where q (r) is the spin density of the voxel and / (r) is the
signal phase, which is determined by the field gradient
history and field inhomogeneity.

If the voxel size is not too big, the signal phase vari-
ation within a voxel is mainly caused by the first deriv-
ative of the magnetic field. If we expand the signal
phase to first order, if r0 is the coordinate of the voxel
center (r0 = (x0,y0,z0)) then

S ¼
Z

d3rqðrÞei/ðr0ÞeicTE
oB
orðr�r0Þ; ð9Þ

in which TE is the echo time, B is the magnetic field dis-
tribution, oB

or ¼ oB
or jr¼r0

. Assuming the spin density in the
voxel is uniform q (r) = q, if the dimensions of the voxel
are Dx, Dy, and Dz,

S ¼ qei/0

Z x0þDx=2

x0�Dx=2
dxeicTE

oB
oxðx�x0Þ

�
Z y0þDy=2

y0�Dy=2
dyeicTE

oB
oyðy�y0Þ

�
Z z0þDz=2

z0�Dz=2
dzeicTE

oB
ozðz�z0Þ: ð10Þ
The signal magnitude is:

jSj ¼ qDxDyDz sinc pT EDx
of
ox

� �
sinc pT EDy

of
oy

� �

� sinc pT EDz
of
oz

� �
; ð11Þ

where f = f (x,y,z) is the frequency at this voxel.
For a gradient echo EPI, besides the signal loss

caused by intravoxel dephasing shown above, geometric
distortion induced signal variation should also be con-
sidered. Discarding the pixel shifts along the readout
direction and the slice selection direction, (x0,y0,z0) is
shifted to (x0,y1,z0), so Eq. (10) becomes:

S ¼ qei/0Dx sinc pT EDx
of
ox

� �
Dz sinc pT EDz

of
oz

� �
J

�
Z y1þDy=2

y1�Dy=2
dy 0 exp icT E

oB
oy

dy
dy0

ðy0 � y1Þ
� �

; ð12Þ

in which J is the Jacobian introduced by change of
variable and can be calculated from Eq. (7)

J ¼ dy
dy1

¼ 1

1þ NyDy Nx
BW

þ 2sr
� �

of
oy

: ð13Þ

The signal magnitude for a gradient echo EPI is then:

jSj ¼ qDxDyDz sinc pT EDx
of
ox

� �
sinc JpT EDy

of
oy

� �

� sinc pT EDz
of
oz

� �
J : ð14Þ

The Jacobian allows for a signal magnitude variation
originating from geometric distortion. Since in this
study, signal losses due to introvoxel dephasing and geo-
metric distortion due to phase errors were studied sepa-
rately, we used Eq. (11) instead of Eq. (14) to calculate
the signal magnitude.
3. Results

The field maps of 4 coronal slices before shimming at
7 T are shown in Fig. 1. Large magnetic field variations
can be seen at the brain boundaries, especially at the
anterior part of the brain (Figs. 1C and D). In the pos-
terior part of brain (Figs. 1A and B), the field distribu-
tion is dominated by linear variations throughout the
whole brain area. In the anterior part of brain, higher
order terms become severe and they concentrate in a
small area near the air/tissue interfaces.

Fig. 2 shows the mean values and standard deviations
of the field maps of the 15 2D coronal slices of the brain
after global shimming and after dynamic shimming at
7 T, both using all 18 shim terms. As expected, the field
distribution after dynamic shimming has a smaller mean
value and smaller standard deviation at each slice. In the
posterior part of the brain (the horizontal axis is in the



Fig. 1. Experimentally measured field maps (in Hz) of 4 coronal slices
before shimming at 7 T. The slices are (A) �7.2 cm, (B) �3.6 cm, (C)
3.6 cm, and (D) 7.2 cm from isocenter.
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posterior/anterior direction), the field is relatively homo-
geneous, but dynamic shimming gives some improve-
ment over global shimming. As the imaging slice
moves to the anterior area, where the nasal cavity and
Fig. 2. Simulation comparison of the mean value and standard deviation of 1
all (18) available shim terms at 7 T.
frontal sinuses cause pronounced field variations, dy-
namic shimming ‘‘weights’’ this change in calculating
the shim currents and obtains a much more homoge-
neous field than global shimming. Fig. 3 shows the
behavior of the in-plane Z-shim on its own. The dashed
line represents the 3.00 mG/cm shim gradient value used
in global shimming. The solid line represents the dynam-
ically adjusted value of this shim gradient in dynamic
shimming. Before slice 10 (2.4 cm away from magnet
isocenter), the optimal Z shim gradient changes in the
range of 1.33–3.00 mG/cm. After slice 10, a shim gradi-
ent as high as 80 mG/cm is required to optimize the lo-
cal field along z (superior/inferior). Other shim gradients
are list in Table 1. Similar results were found from 3D
data and 4 T simulations.

Both global shimming and dynamic shimming re-
cover signal losses, but dynamic shimming produces a
higher signal magnitude than global shimming at every
slice, especially in the anterior part of the brain. The rel-
ative signal intensity improvement DI = (Id � Ig)/Ig is
used to show the signal improvement of dynamic shim-
ming over global shimming (see Fig. 4). Id and Ig are the
mean signal intensities over each image after dynamic
shimming and after global shimming, respectively.
Many slices showed noticeable intensity improvement,
no slice showed degradation. Since the mean signal
5 coronal field maps after global shimming and dynamic shimming with



Fig. 3. Simulated Z-shim gradient change from posterior to anterior during 18 terms dynamic shimming at 7 T. Dashed line is the 3.00 mG/cm z-
shim value in global shimming. z is the phase encoding direction.

Table 1
Simulated shim gradients of first 9 shim terms in global shimming and dynamic shimming at 7 T

Shim gradients (mG/cmn)

Z0 Z X Y Z2 ZX ZY X2–Y2 XY

Global shimming: 5.75 3.00 �0.65 1.17 0.60 �0.02 0.12 0.03 0.01

Dynamic shimming
(slice #/distance (mm))

1/�84 �15.29 29.24 �2.85 7.66 �0.14 �0.39 �3.11 0.38 0.10
2/�72 32.40 2.75 �1.23 �10.67 �1.50 �0.13 �0.25 �0.26 0.02
3/�60 12.96 1.33 �1.32 �3.07 �0.41 0.01 0.21 �0.12 0.03
4/�48 6.56 2.00 �1.28 0.22 0.18 �0.01 0.22 �0.02 0.03
5/�36 5.59 2.54 �1.31 0.77 0.32 �0.01 0.18 0.01 0.03
6/�24 8.45 3.00 �1.18 �0.60 0.35 0.06 0.14 �0.07 0.02
7/�12 7.38 2.05 �0.94 �0.14 0.54 0.02 0.24 �0.02 0.01
8/0 5.26 1.94 �0.78 2.80 0.72 0.04 0.30 0.04 �0.04
9/12 6.56 2.72 �0.93 4.43 0.62 �0.02 0.27 0.00 �0.07
10/24 3.39 5.98 �0.83 2.29 0.98 �0.01 0.72 0.00 �0.06
11/36 �19.10 11.44 1.07 �8.34 2.16 0.07 1.52 0.27 0.06
12/48 �40.35 24.37 5.03 �11.16 0.92 �0.59 2.03 0.36 0.17
13/60 �108.64 37.62 3.61 �37.53 4.23 �0.22 4.08 0.90 0.10
14/72 �182.82 79.56 4.24 �51.97 3.83 �1.17 7.41 0.79 0.12
15/84 �596.80 225.39 �8.90 �182.52 11.06 �3.46 23.97 3.16 �0.57

n is the order of shim term, n = 0 (Z0), n = 1 (Z,X,Y), and n = 2 (Z2,ZX,ZY,X2–Y2,XY).
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intensity over an entire image is used to show the
improvement at each slice, the ability of dynamic shim-
ming to recover signal loss at local areas is under-esti-
mated. For instance, at slice 9, an improvement of
5.6% is shown. If we look at the 40 · 40 sub-area at bot-
tom right of the brain, where susceptibility artifacts were
stronger, more than 22.0% increase can be found. Inten-
sity images and field maps of three slices before and after
shimming are shown in Fig. 5. The left column shows
the field maps and intensity images before shimming.
The middle column and right column are field maps
and intensity images after global shimming and after dy-
namic shimming, respectively. Slice 9 and slice 14 are
from 2D coronal data. These two slices are about 1.2



Fig. 4. Simulated relative signal intensity improvement of dynamic shimming over global at 7 T.
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and 7.2 cm apart from the magnet center, respectively.
Slice 27 is a transaxial slice calculated from 3D coronal
data and is 1.8 cm from isocenter. Intensity improve-
ments were observed at air/tissue interfaces in the brain
after dynamic shimming. Notice that in this figure only
signal intensity effects were simulated without consider-
ing geometric distortions.

RMS pixel shifts along the phase encoding direction
are shown in Fig. 6A. Again, dynamic shimming corrects
more geometric distortions than global shimming at each
slice. For posterior slice 1, which is�8.4 cm from the iso-
center, the geometric distortion was reduced from 5.4 pix-
el to 1.4 pixel by global shimming, to less than 0.8 pixel by
dynamic shimming. Pixel shifts in the anterior part of the
brain are larger than thosemore posterior. TheRMSpixel
shift in anterior slice 14 (7.2 cm from isocenter) reaches
4.7, but is about 1.9 pixel after dynamic shimming, and
2.5 pixel after global shimming. Images of this slice before
and after shimming are shown in Fig. 6B. We discarded
the signal variation so that geometric distortion could
be estimated directly. Image A shows the undistorted
‘‘brain mask’’ (resized to 64 · 64) of slice 14. Image B
shows the image shape before any shimming. There was
clearly an overall image offset along the phase encoding
direction (vertical axis) besides other distortions. C and
D show the image shape after global shimming and dy-
namic shimming, respectively. Field maps of this slice
can be found in Fig. 5 II. The global shimming corrected
the center frequency (Z0) but caused large field gradients
at the left and right side of the brain. These field gradients
expanded the pixels in these two areas and resulted in the
distorted image in Fig. 6B(c). After dynamic shimming,
the field was more homogeneous at these areas so distor-
tions were reduced.

Note that the RMS pixel shift curve in Fig. 6A looks
similar with the standard deviation curve in Fig. 2. This
is because the pixel shift is proportional to the field
homogeneity (Eq. (7)), and the RMS is an estimate of
the standard deviation when the arithmetic mean is near
zero. Also note that we introduce the RMS pixel shift as
a measure that summarizes the geometric distortion over
entire slice. This single value gives a sense of the ‘‘typi-
cal’’ geometric distortions in the slice. Although at some
slices, the RMS pixel shift after dynamic shimming is
only slightly smaller (better) than that of global shim-
ming, considerable improvements may be found in some
local areas of this slice. For example at slice 6, which is
�2.4 cm from isocenter, RMS pixel shift after dynamic
shimming is 1.13, only 0.03 smaller than that of global
shimming. However, a maximum 2.69 pixels improve-
ment was observed at some points in this slice.

To demonstrate the effectiveness of higher order dy-
namic shimming, we compared the field distribution,
geometric distortion, and signal intensity after first or-
der dynamic shimming (Z0, Z, X, and Y), second order
dynamic shimming (Z0, Z, X, Y, Z2, ZX, ZY, X2–Y2,
and XY), and dynamic shimming with all the available
shim terms. Fig. 7 shows the homogeneity (standard
deviation) of the field distributions. The average stan-
dard deviation was 42.7 Hz after first order dynamic



Fig. 5. Simulated field maps and signal intensities of three slices before and after different shimming methods at 7 T. (A) Before shimming; (B) after
global shimming; (C) after dynamic shimming. I and II are coronal slices 1.2 and 7.2 cm apart from isocenter, respectively. III is an axial slice 1.8 cm
from isocenter. Field maps before shimming were experimentally measured.
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Fig. 6. (A) Simulated RMS pixel shift along phase encoding direction of a typical gradient echo EPI experiment before and after shimming at 7 T
with 125 kHz bandwidth, 0.2 ms gradient ramp time and 64 · 64 matrix size. (B) Simulated geometric distortion of slice 14 (7.2 cm from isocenter)
before and after shimming at 7 T. Signal intensity variation not shown. a, original (distortion-free) image; b, before shimming; c, after global
shimming; and d, after dynamic shimming.
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shimming. It reduced to 28.7 Hz if second order shims
were involved and 25.8 Hz if we used all 18 shims. The
average standard deviation of field before shimming
was 66.3 Hz. Signal intensity improvements are shown
in Fig. 8A. and field maps and the signal intensity of
slice 9 (1.2 cm from isocenter) are shown in Fig. 8B.
The signal intensity improvement was calculated as
(Id � I0)/I0 in which Id is the mean signal intensity after
dynamic shimming, I0 is the mean signal intensity be-
fore shimming. Compared with first order dynamic
shimming, dynamic shimming with second order cor-
rection ability only can considerably improve field
homogeneity and is often adequate for human brain
imaging. Although a full set of 18 shims gives the best
performance, the improvement from the 3rd and higher
orders is small.



Fig. 7. Comparison of simulated homogeneity (standard deviation) of 15 slice field maps after different order dynamic shimming at 7 T.
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The magnetic field distribution within a human brain
depends on the geometry and slice orientation. Usually
the axial slice has a more homogenous field distribution
because of its symmetry with respect to the magnet axis.
Peak shim gradients of 2nd order dynamic shimming at
different orientations are shown in Table 2. These data
were calculated using the 3D coronal field maps.
Although shim gradients change when shimming differ-
ent subjects, these data give an estimate of required shim
strengths.

A major potential concern in higher order dynamic
shimming is the creation of eddy current effects. In a
dynamically shimmed EPI sequence, shim currents must
be updated for each slice within the repetition time TR
and these shim fields should remain constant through-
out slice excitation and readout. The rise time of cur-
rents within shim coils can be very short so that shim
fields can be switched rapidly. However, such rapid field
changes may induce eddy currents in the nearby conduc-
tive material and the fields generated by eddy currents
decay not so rapidly. If the settling times of shim coils
are longer than the time interval between shim updating
and RF excitation, eddy current induced fields may
arise, and the resultant temporal phase variation may
lead to geometric distortion and other artifacts. The ef-
fects of eddy currents can be modeled in terms of the
rate of change of field, oB/ot

oB
ot

¼ change in shim gradient� ln

rise time
: ð15Þ
Here l is the volume dimension over which the shim
gradient acts, n is the order of the shim term. From
this equation, we can see that eddy current effects will
be decreased if the variations in shim gradient between
slices is small. Then the settling time would not be a
problem for dynamic shimming. de Graaf et. al [9] re-
ported that in their implementation on a small bore
system, the settling time of all first and second order
shims was less than 10 ms. For human brain shimming,
active shielding of higher order shim coils may be re-
quired to avoid eddy current effects. Table 1 shows
the shim current gradient (in mG/cmn) of all the first-
and second-order shim terms in the 15 slice dynamic
shimming and global shimming simulation. Large
changes of shim gradient usually occur in regions
where large susceptibility artifacts exist. However,
the slice imaging order could be changed to obtain
smoother shim gradient changes once the required shim
gradients have been calculated.
4. Discussion

A major advantage of dynamic shimming over other
methods such as Tailored RF, z-shimming and various
post-processing methods is its ability to correct both sig-
nal loss and geometric distortion. It reduces the sources
of susceptibility artifacts before data acquisition. It is
also more efficient in use of time compared with z-shim-
ming and multi-reference methods since it does not need



Fig. 8. (A) Comparison of simulated homogeneity (standard deviation) of 15 slice field maps after different order dynamic shimming at 7 T. (B)
Simulated field maps and signal intensities of slice 9 (1.2 cm from isocenter) after (a) 1st order dynamic shimming (b) 2nd order dynamic shimming (c)
all 18 terms dynamic shimming at 7 T. Field map is in Hz.

Table 2
Simulated shim peak gradients of 2nd order dynamic shimming at 7 T

Shim peak gradients (mG/cmn)

Z0 Z X Y Z2 ZX ZY X2–Y2 XY

Axial 320.38 72.70 10.45 37.67 3.76 0.56 2.51 0.39 0.10
Coronal 168.67 153.84 15.51 43.90 3.41 0.71 6.44 1.17 0.22
Sagittal 85.34 36.98 20.80 8.51 1.05 2.20 0.51 0.22 0.25

n is the order of shim term, n = 0 (Z0), n = 1 (Z,X,Y), and n = 2 (Z2,ZX,ZY,X2–Y2,XY).
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the scan to be repeated several times to obtain a set of
images for post-processing. It does however require a
field map of the object.
Conventional automatic shimming optimizes the field
homogeneity over the whole volume of interest. To fur-
ther improve the field homogeneity, localized shimming
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and/or higher order shimming should be considered. Dy-
namic shimming is essentially a localized shimming tech-
nique. It optimizes the field homogeneity within each
slice to be imaged by weighting the shim calculation with
the field distribution over that slice at the expense of the
field conditions over other slices. Our simulation studies
have shown that higher order dynamic shimming is an
efficient way to improve field homogeneity in multi-slice
MR imaging. It is beneficial for fMRI because of its abil-
ity to reduce pixel shifts and signal losses in echo planar
imaging. It would also benefit 3D spectroscopic imaging
when the main field inhomogeneity within a large field of
view often exceeds the chemical-shift difference between
water and fat peaks.

In our study, we used three adjacent slices instead of
a single slice to compute the field corrections, so that
slice-selection shim terms could be determined and sig-
nal losses in the slice-selection direction could be recov-
ered. In Blamire et al. [6] and de Graaf et al.�s [9] studies,
since the slice thickness is assumed to be infinitely small,
only in-plane shim terms could be determined by map-
ping the field along numbers of linear projections (using
FLATNESS [8]). Another experiment is then needed to
measure and calculate the (linear) shims along the slice-
selection direction.

Field mapping and shim calculations may be imple-
mented as a pre-scan procedure, so they are performed
only once for a specific volume of interest. Accurate field
mapping is very important for shimming. Although
FASTMAP or its ‘‘slice-shimming’’ version, ‘‘FLAT-
NESS’’ can save a lot of time, they are designed for
small scale spectroscopic imaging. When applied to
large scale brain field mapping, where the field distribu-
tion changes rapidly at the borders of different tissues,
the accuracy of these approaches is limited, and a more
comprehensive method is required. We used gradient
echo sequences at different TE to compute the field.
The speed of field mapping with this phase imaging
method can be improved. For example, we have recently
developed a low resolution ‘‘fast asymmetric spin echo’’
sequence for this purpose. Another advantage of such
field mapping methods is that the images are almost
‘‘distortion free,’’ making it easier and more accurate
for shim calculations than EPI based field mapping
[4,18]. If the region of interest is a subset of the FOV,
segmentation on the field maps before shim calculations
may be used as a further localization/weighting process.

In our simulation, limitations of obtainable shim
strengths were not considered. It is likely that, for some
regions where higher order field compensation needs
large shim currents, current hardware will not be able
to meet this demand. Wen and Jaffer [22] have proposed
a method that modifies the target function in the optimi-
zation that takes account of such shim current con-
straints. This method can be used in practical dynamic
shim calculations.
5. Conclusion

We have presented a computer simulation of higher
order multi-slice dynamic shimming at high field. The
effectiveness of higher order dynamic shimming is dem-
onstrated by considering the signal intensity and geo-
metric distortions of a typical echo planar imaging
experiment. The results of our simulations provide the
basic for designing dynamic shimming for use with high
field human imaging. To reduce susceptibility artifacts,
which are quite severe in temporal and anterior frontal
regions of the brain, dynamic shimming with at least
second order corrections is necessary.
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