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Abstract

When homogenizing the static magnetic field over extended in vivo volumes, significant residual inhomogeneity can remain after
spherical harmonic shim optimization. This is due to the low spatial orders of shims available on in vivo MR systems and the presence
of higher-order inhomogeneity in the vicinity of anatomic air cavities. Mediation of this problem through the development of higher-
order spherical harmonic shims is severely impeded by bore space limitations. Sample-specific passive shims are not limited to low-order
spatial compensation and offer an alternative means to increased homogenization. Here, we present a novel construction protocol for
sample-specific passive shims comprised of both diamagnetic (bismuth) and paramagnetic (zirconium) materials. A prototype shim is
constructed and shown to significantly homogenize the mouse brain at 9.4 T. Further homogenization capabilities are simulated through
alteration of the shim construction.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Spatial variations of magnetic susceptibility (vM) within
a sample generate static magnetic induction fields which
compromise B0 homogeneity. Direct compensation for B0

inhomogeneity can be accomplished in two manners,
known as active or passive shimming. Active shimming uti-
lizes continuously adjustable electromagnets, typically in
the form of room-temperature spherical harmonic gradient
coils. This has been, and remains the primary method of
inhomogeneity compensation. Improvements in the
construction of spherical harmonic shim coils have been
extensively investigated and high-order coils are readily
utilized over reduced volumes in vertical bore systems.
However, higher-order shim coils are difficult to construct
with significant strength over larger in vivo sample volumes.
Within both humans and animals, this results in a lack of
compensation for high-order inhomogeneity near anatomic
air cavities such as the nasal sinuses and auditory tracts.
Over extended volumes, the efficacy of low-order shims
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can be bolstered through dynamic shim updating (DSU)
[1–4]. However, since it is based on spherical harmonic
shim technology, DSU is ultimately limited to low-order
compensation. Actively shimmed reduction of residual
global inhomogeneity has also been demonstrated using
localized non-spherical harmonic coils [5].

Passive shimming describes any attempt to homogenize
the static magnetic field through optimal placement of spe-
cific magnetic materials. For example, the subject-indepen-
dent field is typically optimized through placement of
highly magnetic elements within the magnet assembly [6].
Other examples of passive shimming include diamagnetic
graphite mouth-insert shims [7] and arrays of ferromagnet-
ic materials [8]. Both approaches have demonstrated
homogeneity improvement in localized regions of the
human brain, but are limited in capability due to placement
restrictions and the use of only a single shim material.

To further reduce sample-specific inhomogeneity over
extended volumes, we have investigated an alternative pas-
sive shimming system. In this approach, two materials of
opposing magnetic susceptibility are distributed to com-
pensate targeted inhomogeneity. Materials are used which
have large enough magnetic susceptibilities to generate
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significant induction fields, yet small enough to not experi-
ence significant torques at high magnetic fields. Although a
wide variety of materials satisfy these two criteria, the cur-
rent implementation used bismuth (vM � �164 ppm) and
zirconium (vM � +92 ppm) [9]. These two metals were cho-
sen because of their relative ease to work with and avail-
ability at reasonable cost. The two-material approach
provides requisite field-crafting freedom needed to com-
pensate higher-order spatial variations. In comparison to
previous passive shim approaches [6–8], the system also
provides significantly more freedom in the positioning of
shim materials.

Given a user-defined grid for placement of shim materi-
als, a calculation procedure to determine optimal two-ma-
terial stacks of shim elements at each position in the grid is
presented. The accuracy of this calculation hinges on three
approximations in the nature of the magnetic fields induced
by the shim materials. Empirical measurements are pre-
sented which demonstrate the validity of these approxima-
tions in the current and proposed implementations of the
shim system. Utilizing these approximations, the composi-
tion calculation is reduced to a linear problem rapidly sol-
uble with readily available optimization algorithms. Given
the aforementioned torque-free condition, this allows for
real-time, active-adjustment of the shim composition.

As a validation of the principles used in the shim
construction, a prototype shim was manufactured to
homogenize the brain of BL C57 mice at 9.4 T. Due to its
high surface to volume ratio, the mouse brain possesses some
of the most severe magnetic field inhomogeneity found
in vivo. Despite this limitation, the demand for mouse
investigations in NMR has been rapidly increasing, particu-
larly in the phenotyping of transgenic mice. The prototype
construction assembly is based on readily available
centrifuge tubes which are commonly utilized as mouse beds.
[12] Graphical and quantitative comparisons with existing
room-temperature shim technology demonstrate that the
constructed shim out-performs existing shim systems.

Significant improvements in the accuracy and capability
of the shim construction are proposed. Computations are
presented using these propositions which demonstrate the
dramatic homogenizing capability of the shim system.
The improved capability of the two-material optimization
over a one-material approach is also clarified within this
computational framework.

2. Theory

Bismuth (Bi) and zirconium (Zr) metals are ideal passive
shim materials because they have intermediate magnetic
susceptibilities which induce significant B0 perturbations,
but do not experience significant torques at high magnetic
fields. CRC tables [11] give molar magnetic susceptibilities
for elemental Bi and Zr of �280 and þ120� 10�6 cm3/mol,
respectively. Shenck [9] reports absolute susceptibility val-
ues for the two metals as �164 and +92 ppm, respectively.
The exact absolute susceptibilities of the source metals
could vary with manufacture process and purity. However,
the precise absolute susceptibility values of materials
used within the following shim construction are inconse-
quential, given the empirical nature of the construction
procedure.

The following approximations in the nature of magnetic
fields induced by magnetic materials such as Bi and Zr are
crucial in the calculation of material compositions of the
shim grid.

(1) In regions not directly adjacent to the shim materials,
the induction fields from shim elements (or stacks of
elements) at separate shim grid positions add in linear
superposition.

(2) The amplitude and shape of an induction field from a
shim element is dominated by its own susceptibility
and is trivially perturbed by other nearby materials
with much smaller magnetic susceptibilities. This
approximation is encountered in vivo, where air
(vM � 0.3 ppm) and biological tissue (vM � �9 ppm)
are the only other materials present.

(3) The geometric distribution of an element’s induction
field does not change when elements are stacked
together in a limited fashion.

The physical basis of these approximations is similar to
that utilized in a recently reported non-iterative magneto-
static field perturbation calculation [16,17], which is essen-
tially a first-order, or dipole-approximation to the general
magnetostatic field solution. However, to clearly establish
the validity of this approach in our passive shim develop-
ment, empirical measurements validating these statements
are presented in the next section.

Utilizing approximations 1 and 2, an empirically mea-
sured induction field, or ‘response’, (the terms ’response’
and induction field will henceforth be used interchangeably
in this work) from a chosen stack configuration (known as
the ’unit’ stack, which generates a ’unit’ response for each
stack position) is used to determine ratios of that (unit)
response for each position within a shim grid. These ratios
are calculated to optimally compensate a specified target
field. Approximation 3 then allows for calibrations of
material stacks which provide a physical manifestation of
the calculated shim configuration.

2.1. Shim construction protocol

We begin by defining RðrÞ as the response from a unit
element (gi = 1) at each element position, i, and each spa-
tial position rj within a target ROI. RiðrjÞ is then an array
of dimensions N · M, where M is the total number of spa-
tial points in the ROI and N is the number of stack posi-
tions on the shim former. By letting gi scale these unit
responses and applying approximation 1, the total induc-
tion field within the target region is then given by the super-
position of the magnetic field induced by each position on
the shim grid,
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z ðrjÞ ¼

XN

i¼1

giRiðrjÞ: ð1Þ

Given a desired target field to compensate, T (rj), we can
then express the shim calculation as

Find g�i that minimizes
XM

j¼1

T ðrjÞ þ
XN

i¼1

g�i RiðrjÞ
" #2

; ð2Þ
where the solutions g�i now represent optimal response
coefficients which eliminate the target field for the given
shim geometry. This can be further simplified to the linear
problem

T ¼ �Rg�: ð3Þ

Physically, the components of g* are optimal scalings of the
unit element response at each grid position. Through
approximation 3, calibrations allow for this scaling by
stacking the two shim materials. Computational optimiza-
tion constraints must be placed (1) to keep stack heights
below the threshold where stacked responses begin to differ
geometrically from unit responses, and (2) to keep the stack
heights within the physical dimensions of the RF coil.
Finally, approximation 2 assures that calibrated responses,
established on a water phantom in vitro, will be equally
valid for the generation of a compensating field on the
mouse brain in vivo. A specific experimental protocol is
now outlined to utilize this shim composition calculation.

3. Methods

All experiments were performed at the Yale Magnetic
Resonance Research Center on a 9.4 T Magnex (Oxford,
UK) magnet (16 cm bore) interfaced to a Bruker (Ettlin-
gen, Germany) BioSpec spectrometer. A 9 cm Resonance
Research Inc. (Billerica, MA) gradient insert (500 mT/m
in 175 ls) housed dual-purpose imaging gradients and
first-order shims, as well as second and third-order shims.
An in-house made volume RF coil (ID = 4 cm) was used
for signal transmission and reception. To construct a pro-
totype for demonstration of the principles in the passive
shim construction, a 50 mL Falcon� (Becton, Dickinson
and Company, Franklin Lakes, NJ) centrifuge tube
(OD = 3 cm) was modified to serve as both a mouse bed
and base for a shim former. While this setup is not neces-
sarily optimal, as will be described below, it was chosen
for both convenience as a natural mouse cradle and its
cylindrically symmetric base as the shim former. The coil-
cradle assembly was modified to allow for reproducible
placement within the magnet bore. The final placement
error for this implementation was less than 0.25 mm.

Bismuth (raw pieces) and zirconium (foil, 0.25 mm) met-
als were acquired from Sigma–Aldrich (Milwaukee, WI).
Bismuth elements of 3.2 · 4.6 · 1 mm were formed through
melting of the raw pieces (MP = 271 �C) and use of a
ceramic mold. Zirconium elements of 3.2 · 4.6 · 0.25 mm
were cut from the purchased foil. The optimization grid
was constrained to the outer surface of the centrifuge tube.
Fig. 2 provides an illustration of the ring placements along
the axis of the centrifuge tube. Six rings, each with 16 cir-
cumferential element positions were designated. Elements
were fixed in position by a custom-machined acrylic former
restricting all but the outward radial degree of freedom. A
cross-sectional view of the shim former is also presented in
Fig. 2. The design included spatial gaps between elements
to prevent eddy-current generation over the element
ensemble and to allow RF penetration through the
assembly.

Magnetic field maps were measured using a convention-
al gradient-echo mapping technique whereby multiple
images were acquired with increasing free-precession delays
prior to signal acquisition. [10] Complex phases were calcu-
lated relative to the first delay, and by using an extremely
short initial delay of 0.25 ms, it could be assumed that
the phase difference between the first and second delay
was unwrapped. Remaining phases were then temporally
unwrapped by extrapolating upon the linear trend estab-
lished from the first two temporal points. DB0 was then giv-
en by a linear least-squares fit of the unwrapped phase
versus delay trend.

A stack of two bismuth elements was used as the unit
response. Unit responses were measured on a water bottle
phantom over 56 adjacent 0.5 mm slices distributed across
the water phantom with 56 · 56 in plane pixels over a
2.8 · 2.8 cm in-plane field-of-view, five echo delays of 0.0,
0.25, 1.0, 4.0, and 6.0 ms, zero-delay TE = 4 ms, inter-slice
TR = 15 ms, and 10 signal averages. Responses were mea-
sured for one position on each ring and then computation-
ally rotated to give the other 15 responses for the given
ring. This is not a generally applicable method, but was
possible for this specific approach because all shim ele-
ments for a given ring maintain a constant angle with
respect to B0.

Field map acquisitions were used to empirically validate
the approximations presented in Section 2. Approximation
1 was validated by acquiring field maps with (a) a single
2-element bismuth stack in position 1 (see Fig. 2) on the shim
former, (b) another single 2-element bismuth stack in
position 2 in the same ring on the shim former, and (c) both
2-element bismuth stacks in their respective positions at the
same time. The response from acquisitions (a) and (b) were
then added together and compared to the response from
acquisition (c). Fig. 1A illustrates this experiment and its
results.

Approximation 2 was verified by measuring responses
from adjacent 3-element bismuth stacks in both (a) a water
phantom and (b) in vivo in the mouse brain. Fig. 1B sum-
marizes the structure and results of this experiment.

Successful calibration of response ratios through ele-
ment stacking validated approximation 3. Response scaling
according to the solutions for g* was accomplished by (a)
stacking bismuth elements (g�i < 0), (b) stacking zirconium
elements (g�i > 0), and (c) stacking zirconium and bismuth
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Fig. 1. Validation of approximations utilized in passive shim construction. All traces (left) are indicated in illustrations (right) and begin at the indicated
trace origin. (A) Validation of the superposition principle as applied to individual shim element stacks. Magnetic field map traces through a water
phantom are shown for both a superposition of individually acquired responses for stacks at the indicated positions (black line), and a response acquired
with both stacks in place (gray line). The agreement of the two traces is clear. Notice that a breakdown does become apparent in the immediate vicinity
(less than 0.25 cm) of the stack locations. However, a mouse brain will typically start at positions at least 0.7– 0.9 cm radially inward from the shim
elements. (B) Validation of shim element induction field independent of sample composition and geometry. Field map traces are shown for the indicated
shim element configuration in both a water bottle phantom (black) and the mouse brain in vivo (gray). Trendlines are provided to clarify the agreement
between the two acquisitions. The increased noise in the in vivo acquisition is due to the shorter T2, reduced water concentration, and a lower filling factor.
(C) Results of the calibration procedure. Field map traces through the utilized ROI are shown for 3 element Bi stacks placed in the indicated position 1 on
the shim former. Inspection of the traces shows that a constant ratio of the response (measured from zero) induced by 8 Zr and 1 Bi stack configurations
relative to the 2 Bi unit response stack is generally maintained. The final calibration results are displayed in the accompanying bar chart. Error bars are
given by the standard deviation of the calculated response ratio over the calibration ROI.
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elements ð0 < g�i < 1Þ. A basis set of possible stack compo-
sitions was selected based on spatial limitations (radial
direction) of the shim former. In the current construction,
this set consisted of nine independent stack compositions.
A single position on the shim former was chosen for cali-
bration, and for each stack composition, responses were
measured using the aforementioned field mapping proce-
dure. A ROI was selected to closely resemble the in vivo

brain position, while simultaneously maintaining resolu-
tion of individual responses from different stack composi-
tions. For each stack composition, the ratio of its
response relative to the unit response was calculated for
each pixel within the ROI. The mean of this ratio over
the ROI was then used as an effective ‘response coefficient’
for the given stack composition (corresponding to a value
of g* in the linear composition calculation). Fig. 1C illus-
trates the calibration procedure. The precision of this cali-
bration procedure is limited by the thickness of individual
shim elements composing the stacks (thus determining the
number of values for g* available in the shim construction)



Fig. 2. (A) Illustration of a horizontal cross-section of the mouse-shim system showing the ring positions (labeled by letter) of the constructed shim. (B) A
cross-sectional view showing the ring geometry also identifies (labeled by number) positions around the ring where stacks were built. (C) A photograph of
the final constructed assembly shows the mouse bed and shim former as constructed. Grayscale images of (D) the calculated stack ratios, (E)
corresponding Bi composition, and (F) corresponding Zr composition are presented for visualization of the shim construction. The x-axis in these images
represents positions (as labeled in the cross-sectional view) around the ring perimeter and the y-axis specifies rings as indicated in the schematic diagram.
From these images, it can be verified that there are consistent patterns and continuity of the calculated stack compositions.
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as well as the precision of the field mapping measurements.
As will be discussed further, this calibration precision cru-
cially impacts the precision and accuracy of the final shim
construction.

In vivo target field maps on the mouse brain (C57 BL,
1 mg/g urethane anesthesia) were acquired in the absence
of room-temperature shims over 56 adjacent 0.5 mm slices
with a 112 · 112 data-matrix over 2.8 · 2.8 cm in-plane
field-of-view, TE = 4 ms, interslice TR = 15 ms, and
N = 4 signal averages. All experiments were conducted in
accordance with the Yale Animal Care and Use
Committee.

Solutions to Eq. (3) were calculated using constrained
least-squares linear optimization software provided by the
Matlab (Mathworks, Natick, MA) optimization toolbox.
For the previously outlined target-field dimensions, the
computation time for optimal coefficient determination
was less than 10 s on a standard workstation. Within the
current precision of the shim construction, it was found
that Zr stacks of more than eight elements had little or
no utility in the performance of the shim. Spatial limita-
tions capped the Bi stacks at three elements. Therefore,
the optimization software used coefficient constraints of
�0.57 (eight element Zr stack) and 1.37 (three element Bi
stack). Both of these limiting stack configurations were well
below the breakdown point of the utilized approximations.
Calculated response coefficients (g*) were rounded to the
nearest available stack configuration determined through
the aforementioned calibration procedure. The final shim
was then constructed in accordance with these stack
compositions.

In vivo diagnostic field maps were measured on N = 4
mice (range 21–25 g) with identical acquisition parameters
as the target field measurement. Field maps were measured
with and without the passive shim in place.

To demonstrate the capability of the system to further
homogenize the mouse brain, an alternative shim geometry
was proposed with the element former reduced in radius by
2.5 mm. This brought the responses closer to the mouse
and allowed the calculation routine to work with steeper
induction gradients from each element position. The use
of steeper gradients further enables the system to remove
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higher-order effects. Note that even in this reduced diame-
ter assembly, the passive shim stacks are still sufficiently
removed from the mouse brain to keep approximation 1
valid (see also Fig. 1A and B).

The responses used in this proposed shim demonstration
were built from the measured responses through a simple
translation in the radial direction. Due to the reduced radi-
us, the number of element positions per ring was also
reduced to 12. The resulting compensating field was then
computationally built and subtracted from the target field
to reveal a field map of the residual homogeneity using
the proposed shim. Furthermore, the residual shimmed
field using this proposed geometry was also demonstrated
using only one metal in the passive shim construction
and third-order whole-brain optimized spherical harmonic
shims. The feasibility of this proposed shim and the altera-
tions in the calculation procedure needed to reach this level
of homogeneity are addressed in Section 5.

Using the diagnostic field maps, global homogeneity was
quantified with frequency-offset histograms over the whole
brain calculated using 1 Hz bin widths. These distributions
did not fit to any simple statistical models. Therefore,
distribution widths were determined using the central range
containing 80% of the total pixels. This is a generalization
of an interquartile range calculation, which uses a 50%
criterion [13].

4. Results

Fig. 3 provides field mapping diagnostics of the passive
shim system in four slices positioned throughout the mouse
Fig. 3. Field map images demonstrating the utility of the passive shim
system over four slices in the mouse brain, spanning a range of 3 mm.
RGB colored field maps of brain are embedded in grayscale intensity maps
of the mouse head. Homogeneity improvement is gained over existing
second-order RTS technology using the constructed passive shim assembly
and further improvements are demonstrated with simulations of the
proposed shim construction. The simulation shows that residual higher-
order effects near the auditory cavities can be damped given increased
calibration accuracy and a more advantageous shim grid.
brain. Inhomogeneity is significantly reduced in moving
from the unshimmed to the passively shimmed map for
all slices. The second-order RTS represents the best shim-
ming alternative using previously existing technology on
our system. Noticeable improvement is visually recogniz-
able when comparing the passively shimmed field map to
the RTS field map. The required coefficients for the added
inclusion of third-order shims were roughly 10 times the
available shim strengths. This agrees with another recently
published third-order shimming analysis on the mouse
brain at 9.4 T [14].

The passively shimmed map possesses residual higher-
order homogeneity in close proximity to the auditory and
sinus cavities. By moving the shim former closer to the
mouse, the computational results of the proposed passive
shim construction demonstrate that these effects can be sig-
nificantly reduced. Fig. 4 provides whole-brain histograms
quantifying the utility of the room-temperature shims, the
constructed passive shim, and the proposed passive shim.
The unshimmed distribution has a width of 320 Hz, which
is reduced to 110 Hz using either the second-order RTS or
the constructed passive shim, and is further reduced to
40 Hz with the proposed alteration to the passive shim.
The roughly similar behavior of the second-order RTS
and the constructed passive shim are expected given the
low-order limitations within the current construction.
While the performance of RT shims cannot be significantly
improved due to the restrictions associated with in vivo

spherical harmonic based shimming, the proposed passive
shim demonstrates a clear capacity for further
homogenization.

Fig. 5 provides field maps for a single slice within the
mouse brain and global histograms for (A) the constructed
passive shim and (B) the calculated passive shim used as a
basis for the construction. The two field maps show general
agreement and the global histograms over the two distribu-
tions are quite similar. Along with the results presented in
Fig. 1, the overall correspondence between the measured
and computed residual field maps supports the methods
utilized in the design and construction of the passive shim
system. The visually recognizable higher-order discrepan-
cies between the two maps (concealed in the tails of the his-
tograms) are the result of response measurement and
calibration imprecision, small variations in animal place-
ment, and manufacturing error. While it is difficult to
decouple these sources of error, further discussion in the
next section will present solutions to reduce all of them.

The advantages of the two-material passive shimming
over both one metal passive shimming and spherical har-
monic optimization are presented in Fig. 6. These advanta-
ges are best illustrated using the proposed shim system,
which can more adequately remove higher-order inhomo-
geneity. Computational residual field maps from a slice
near the auditory cavities are shown for both one and
two metal implementations of the proposed shim. A field
map from a computational third-order room-temperature
shim optimized over the entire brain is also presented.



Fig. 4. Whole-brain frequency-offset histograms of diagnostic field map images using the passive shim system. 80% widths of the histograms are displayed.

Fig. 5. Field map of a slice in mouse brain (A) with no shimming, (B) measured using the constructed passive shim, and (C) calculated from the response
coefficients used in the constructed passive shim. Global histograms over 12 slices are shown in (D). Both histograms have distribution widths of 110 Hz
and differ only slightly due to higher-order effects localized to the tails of the distributions. The higher-order differences between the two fields are more
readily visible in the field map images. These differences are also typical of the variation found between animals when using the passive shim. Such
discrepancies are due to response measurement and calibration imprecision, small variations in animal placement, and manufacturing error. These
compromising factors ultimately determine the accuracy and capability of the shim system.

Fig. 6. Reduction of higher-order inhomogeneity by active and passive shimming. Residual magnetic field maps near auditory air cavities are presented
using (A) no shim, (B) a computational third-order RTS, (C) a one-material (zirconium) passive shim using the proposed shim geometry, and (D) a two-
material passive shim using the proposed shim geometry.
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The improved higher-order shimming capacity of the two
metal optimization over both the one-metal (Zr) and ideal
third-order RTS (using shim strengths well outside the
specifications of our state-of-the-art shim system) is visual-
ly recognizable, particularly near the sinus and auditory
cavities. The one-metal computation was also carried out
with Bi, which gave even poorer results. The proposed
two-material passive shim clearly outperforms any existing
shim platforms for in vivo magnetic field homogenization.

5. Discussion

We have presented a novel passive shimming system uti-
lizing two materials of opposing magnetic susceptibility.
The theory and methods for the construction of shims
using this system have been validated and detailed. Mag-
netic field map acquisitions have both validated the con-
struction process and diagnosed the utility of the shim.
The currently constructed shim has been shown to at least
match existing shim technology, and within the framework
of the shim construction, the two-metal approach has com-
putationally demonstrated great potential for higher-order
spatial field crafting. The shim system is robust and flexible
in choices of shim materials and target fields. It further
benefits from the geometric freedom gained in using shim
elements that do not experience significant torques at high
magnetic fields.

Three assumptions in the behavior of induction fields
generated by the shim elements make this optimization
possible. First, the induction fields from individual ele-
ments can be added in linear superposition within the tar-
get ROI. Second, it can be assumed that shim element
induction fields are primarily a function of the element’s
susceptibility. Perturbations to this induction field by other
susceptible materials in the sample can be neglected. Final-
ly, the ratio of element induction fields to unit responses
can be calibrated through stacking of multiple elements.
These assumptions are valid over limited stack heights
where the stacked inductions do not have significant geo-
metric variation from unit element induction fields.

Field mapping diagnostics have proven the principle and
utility of the current shim optimization procedure. Compu-
tational analysis has demonstrated the higher-order
homogenizing capability of the shim system through a
slight alteration in the shim geometry. However, construc-
tion of a shim which can robustly remove such higher-
order effects requires a number of adjustments to the
current shim construction procedure.

First, the spatial noise in the response determinations
must be significantly reduced. In the current construction,
a compromise was reached between acquisition time and
the precision of field maps utilized for shim element
response characterizations. The precision of image based
field maps benefits from both increased averages and the
increased time points used to determine rates of excess
phase evolution. However, both of these factors dramati-
cally increase acquisition time. As a result, only one map
was measured and then computationally rotated for each
of the rings in the current shim construction. Further com-
plicating this issue is the propagation of noise in the stack
composition calculation. The optimization function in this
calculation is a superposition of scaled responses, which in
the current construction resulted in a superposition of 96
field maps. The final result of this superposition possessed
precision given by quadrature addition of the precisions of
the 96 component field maps. This resulted in significant
blurring of the calculation procedure, and a corresponding
limitation in higher-order compensation. To sidestep this
problem, we are currently investigating computational
mechanisms for the determination of response fields. Com-
pared to field map measurements, an approximated com-
putational solution to the magnetostatic boundary
problem can have significantly improved spatial resolution,
improved precision, and be accomplished within a shorter
time-frame. Future work will present detailed methods
and results of this computational response determination
procedure.

Second, with a large number of positions in the stack
placement grid, slight deviations in stack calibration can
result in significant variations in the performance of the
shim system. The precision of the stack calibration is ulti-
mately limited by (a) the aforementioned response determi-
nation precision and (b) the thickness of elements used to
effectively ’tune’ the stack composition. In the current con-
struction, 0.25 mm thick Zr elements were used for this
purpose. To combat higher-order inhomogeneity, compu-
tational response determinations will be used in conjunc-
tion with significantly thinner Zr foil (0.1 or 0.025 mm,
also available from Sigma–Aldrich) to provide significantly
improved resolution in the calculation and construction of
the stack compositions.

Third, the accuracy of the shim system hinges upon
reliable and repeatable placement of the animal with
respect to the shim assembly. The current implementation
was not constructed to compensate the highest orders of
spatial inhomogeneity, and therefore mouse placement
was accomplished using the front of the centrifuge tube
as a bite bar and then visually aligning the animal. This
gave repeatable mouse placement of approximately
1 mm, which in our multiple mouse investigations proved
sufficient. Histogram widths calculated over shimmed
brains for four measured mice of varying weights (range
21–25 g) gave a mean of 130 Hz with a standard deviation
of 23 Hz. However, as the simulations show, future imple-
mentations can and will address higher-order effects, and
the sensitivity to animal placement will become more
stringent. This will require either more flexibility in the
shim system or extremely rigid animal placement. Flexibil-
ity can be introduced by utilizing basis sets of shims for
different animal placements, or allowing for real-time
shim construction based on field map acquisitions.
Increased placement accuracy and precision will also be
investigated using rigid, three-dimensional plastic molds
of the mouse head.
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Finally, the geometry of the optimization grid is also
critical in the precision and capabilities of the shim system.
Improvements on the current construction can be made by
(a) placing the optimization grid closer to the animal, (b)
exploring the use of optimization grids with multiple
element sizes and multiple radial positions, and (c)
investigating non-cylindrical element placement (i.e., ear
bars). None of these approaches will alter the fundamental
nature of the optimization procedure.

Passive shims for the mouse brain can mitigate many of
the significant problems currently generated by static field
inhomogeneity. Specifically, whole-brain echo-planar-im-
aging (EPI) over the mouse brain currently requires the
use of spin echo or multiple-interleave gradient echo acqui-
sition strategies. Such restrictions limit the time resolution
of whole-brain fMRI and DTI studies [15]. Higher-order
passive shimming can significantly reduce these limitations
and enable viable single shot gradient-echo EPI over the
entire mouse brain. Within the transgenic mice phenotyp-
ing community, passive shims could be particularly benefi-
cial when used in conjunction with recently developed
multi-animal acquisition protocols [12]. In these multi-ani-
mal systems, spherical harmonic shims cannot be used,
since they will strongly degrade the homogeneity over most
mice while attempting to improve the homogeneity of one
animal. The current optimization procedure could be read-
ily expanded to develop passive shim arrays that can be
used in conjunction with RF coil arrays to improve the per-
formance of multiple-animal MR studies.

Since intra-subject inhomogeneity varies significantly
within the human brain, extension of the passive shim
system to human studies will require more flexibility in
element configuration. Detailed investigations into the
required degree of such flexibility are in progress. Rapid
utilization of the shim could be implemented with a basis
set of shims optimized to fit certain sizes and shapes of
subjects. Furthermore, since the computational optimiza-
tion of element locations and stack configurations for
specific target fields requires only seconds on a standard
workstation computer, the shim could be individualized
on a per-subject basis. Such individualized shims could
be optimized in a matter of minutes through field map
acquisitions and manual alteration of a reasonable-sized
shim grid. The extension of the presented shim construc-
tion to humans could also require stronger magnetic
materials.

A final consideration in the use of metallic passive shims
concerns RF penetration and heating. By using discrete
arrays of shim elements instead of continuous sheets of
metal, we have alleviated this concern. B1 mapping experi-
ments have validated this approach by showing no signifi-
cant RF variation with and without the use of the current
shim construction. Temperature measurements were also
taken directly from the shim elements to address RF
heating concerns. No measurable temperature change was
recorded after running a standard gradient-echo imaging
sequence for 45 min with the shim system in place.
This work has demonstrated the viability of an alterna-
tive approach to in vivo static field homogenization. Exper-
imental results have verified the accuracy of the
construction procedure and computational projections
have shown that the system is not limited to low-order
compensation. Further work will include the construction
of a shim for higher-order compensation in the mouse
brain, development of shims for surface coil assemblies,
and extension of the shimming system to human studies.
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