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Abstract
A comparative study is presented, analyzing quantitatively the impact of fifteen shim strategies on
the homogeneity of the main magnetic field over the three dimensional breast region in 3T MRI.
The results obtained in twelve female volunteers, spanning a wide range of body and breast types,
indicate that the inclusion of the back and heart in the shim region of interest (ROI) leads to
considerable decrease in the field homogeneity, and needs to be avoided. Comparison between
shim strategies using volumetric B0 maps, covering the entire breast region, and 1–6 plane B0
maps indicate only minimally reduced performance for the latter. Interestingly, however, no single
shim strategy relying on a limited number of B0 maps as input was found to work best in all
volunteers. This was attributed to the limited capability of a small number of B0 maps to capture
the B0 variability existent within breast. On the average, a rectangular shim ROI, encompassing
the breast region alone, worked best for the cohort studied here.
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Introduction
Due to its very high sensitivity to detect cancer, breast MRI is becoming increasingly
common (1,2). A slow transition of breast exams from 1.5T to 3T is also occurring (3). The
additional challenges when imaging at high field, however, become particularly problematic
for anatomies spanning large fields of view (FOV), and need to be mitigated to fully benefit
from the higher field strength. In particular, signal loss, poor fat suppression, image blurring
and image distortion have all been blamed on imperfect magnetic field homogeneity in 3T
breast imaging exams (4). It is therefore important to understand the B0 distribution over the
3-dimensional breast volume in a population of subjects, and develop shimming approaches
that result in a homogeneous static field in such population.

While relatively limited attention has been paid to this topic up to now, understanding exists
with respect to the presence of an inhomogeneous B0 field over the breast region, and means
to address it have been proposed. Solutions to improve the quality of the B0 field for
bilateral breast imaging include the use of dual shim regions of interest (ROI's) (5), further
to be enhanced by spectral-spatial excitation of the two breasts, with individual shim values
and center frequencies tailored for each of the two breasts (6). A single comprehensive
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study, using electromagnetic simulations computing the B0 field in a single volunteer and
single slice B0 acquisitions in a limited number of subjects, offers useful insights into the B0
characteristics of the breast and means to improve the field homogeneity over this region
(7). It was concluded in this study that a predominant linear gradient exists along the
anterior-posterior axis of the breast, which is best shimmed by linear shims and saturation
pulses (7).

Our work further expands this previous study, by examining three dimensional B0 data sets
collected from the breast region in a relatively large number of volunteers. Fifteen shim
strategies, based on either 3D B0 data, or 1–6 planes of B0 data (sub-sampled from the initial
data sets) are considered. Quantitative conclusions are drawn with respect to the advantages
and disadvantages of using a given shim strategy, on an individual and on a populations
basis.

Methods
In vivo experiments

Twelve female volunteers were scanned in a 3T, GE Discovery MR750 scanner (Waukesha,
WI), following a protocol approved by our Institutional Review Board. The volunteers
spanned a diverse range, with their height varying between 5ft 2in and 6ft 2in, their weight
between 120 and 190lbs, and their body mass index between 21 and 31. Breast composition
varied from almost entirely fat to almost entirely glandular tissue among these volunteers.
The patients, who had no metallic implant or objects in their bodies, wore extra large t-shirts
for the scans, which preserved the anatomy. They were scanned in the prone position, using
a table-top, 8 channel GE breast coil. A three-plane localizer was followed by the
acquisition of 32 slices of B0 maps, in an axial orientation, at 3mm in plane and 6mm out of
plane spatial resolution. The acquisition lasted 60 seconds. A 3-echo IDEAL algorithm (8)
was used to reconstruct water, fat and B0 maps. These maps, or subsets of these maps were
used to shim offline; as high order shims were previously shown to add little benefit to
breast imaging (5,7), only adjustment of linear gradients was considered here. Fifteen
strategies were used for shimming, as shown in Figure 1. In this figure, the arrows in some
of the strategies (2, 4, 6, 7, 9, 11, 13 and 15) indicate a multi-plane shimming approach, with
the arrow highlighting the location of the B0 planes (selected or re-sampled out of the initial
volume of acquired B0 maps) that were used as input for the shimming algorithm. Similar to
the clinical approach, all multi-plane strategies rely on shimming in 3 orthogonal planes,
chosen, by default, in the middle of the shim ROI chosen by the user. In practice, for some
of the strategies, due to limited or no signal in these planes, the 3 planes can get reduced to 2
planes (strategy 7, with the sagittal plane being sometimes omitted, or in some volunteers,
strategy 4), or 1 plane (strategy 6, where both the sagittal and coronal plane have minimal or
no signal). In all other cases considered (strategies 1, 3, 5, 8, 10, 12 and 14), shimming was
performed using all 28–32 slices of B0 data (for subjects with smaller breasts, the number of
slices was reduced from 32 to 28), masked by the rectangles visible in Figure 1. The figure
of merit for the performance of the shim strategy was chosen to be the standard deviation of
the B0 maps after shimming, computed over all 28–32 B0 planes below a horizontal line
drawn just anterior to the heart (this corresponds approximately to the area enclosed in the
rectangular prism shown in Figure 1, strategy 5).

For each of the last two volunteers, two additional series were added to the MR exam, to
assess the performance of the multi-plane shim strategy deemed optimal by the analysis of
data in the first ten volunteers. In these last two subjects, a short echo time, 3D fast gradient
echo acquisition was performed, at 1mm isotropic resolution, taking 1 min of acquisition
time. This is the typical sequence used for dynamic contrast enhanced (DCE) MRI
acquisitions; it has little geometric distortion, therefore properly defines the subject's
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anatomy. Subsequently, a diffusion weighted imaging (DWI) acquisition was performed,
due to its high sensitivity to B0 inhomogeneities. This sequence employed a double spin
echo, echo-planar based readout, at 3mm through plane and 1.8mm in plane spatial
resolution. The alignment between the DWI and the DCE images was examined, to assess
the need to further refine the shim strategy, or to evaluate whether a post-processing
correction is still needed for easy interpretation of the DWI images.

Results
Figure 2 shows an example of an average weight volunteer shimmed using 3 different shim
scenarios. Figure 2a displays the result of shimming over the entire FOV, using volumetric
B0 maps (strategy 1). As previously observed (7), there is a strong anterior/posterior gradient
over the breasts. This results in poor shimming over the breast region, should the entire axial
FOV be included in the shim ROI. Figure 2b presents the result of shimming solely over the
breast region, using volumetric B0 maps (strategy 5). As it will be later discussed, this
represents the best case scenario for breast shimming in our study. Note that the anterior/
posterior gradient is now compensated by the shim gradients, at the expense of significantly
increasing the resonant frequency of the subject's back. Figure 2c displays the results of
shimming solely over the breast region, using a rectangular shim ROI, with only 3
orthogonal planes of B0 data as input (strategy 7); as discussed in the next paragraph, this
represents the best approach for shimming with a limited number of planes of B0 data as
input.

Table 1 contains an explicit description of the shim cases considered (2nd column). In
addition, the third column of Table 1 displays the average B0 standard deviation for each
shim strategy; to obtain this quantity, the standard deviation of the B0 field after shimming is
computed for each volunteer below a line anterior to the heart; the average of the 12
standard deviations (one for each volunteer) is displayed for all shim strategies considered
(3rd column). For ease of assessment, a ranking of the 15 shim strategies, based on the
average standard deviation displayed in the 3rd column, is also presented in the 4th column
of Table 1. Note a few very interesting facts emerging from this table:

• The heart and the back of the subjects need to be excluded from the shim ROI;
among the 15 strategies considered, the only 4 including this information-- with
multi-plane or volumetric B0 data used as input-- rank last (strategies 1, 2, 3 and 4).
This is due to the strong anterior/posterior gradient existent across the breasts,
which significantly shifts their average resonance frequency away from the average
resonant frequency of the body.

• The best shim strategy relies on volumetric B0 data, and shims only over the breast
region (strategy 5). Although somewhat impractical due to the long time needed for
acquisition of the volumetric B0 data, this approach is in fact the best for each of
the subjects included in this study (data not shown).

• Among the multiple-plane strategies, strategy 7 (3 plane rectangular shim), 13 (6
plane square shim) and 6 (1 plane axial shim) represent the best alternatives to
shimming using volumetric B0 data as input. As evident from Figure 2, the
difference between strategy 5 (best case scenario) and strategy 7 (best multi-plane
scenario) is somewhat limited (8%, on the average, higher standard deviation in the
multi-plane scenario of strategy 7 compared to the volumetric approach of strategy
5). Interestingly, however, there is no single multi-plane shim scenario that works
best in all volunteers. Table 2 presents a detailed ranking of all multi-plane shim
strategies for all 12 volunteers considered; the data in this table is obtained by
assigning the value 7 to the shim strategy with the lowest standard deviation, 6 for
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the second lowest, 5 for the third lowest, etc. The worst shim strategy had the value
0 assigned to it; in case two strategies were equivalent, producing equal standard
deviations, the average of two rankings was assigned equally (e.g. volunteers 8 and
12). Note in this table, that although strategy 7 works well on the average, it works
less well for volunteers 7, 9 and 10. This is due to the fact that intra-breast B0
variability may exist, that is not captured well by the limited information existent in
the multi-plane B0 maps used in the non-volumetric shim strategies.

• Although avoiding the chest wall or nipple area is sometimes recommended for
breast shimming, better overall results are obtained when these areas are included
the shim ROI's (note in Table 1 that strategy 12 ranks higher than 14, and 13 ranks
higher than 15). Although improved B0 homogeneity can be seen in some subjects
when excluding the nipple and chest wall areas from the shim ROI's (e.g.
volunteers 1, 2, 4 and 11 in our study (Table 2)), the inclusion of these areas in the
shim ROI's results in better results in a cohort of subjects.

Figure 3 presents the average field for the right and left breasts (after shimming using
strategy 5) as a function of slice number for two of the 12 volunteers studied. These two
volunteers are representative of the two types of behaviors we have observed: in some of the
volunteers (3/12) the right and left breast have opposite through-slice behaviors, while in the
others (9/12), the two breasts have similar through-slice behaviors. This finding points to the
fact that, besides breast shape, general anatomy also determines the B0 distribution; the
breasts of none of the volunteers were touching the coil surface, which could have disturbed
the half-sphere shape differently on the right and left side of the body.

Figure 4 presents an overlap between the anatomical image and the DWI image (one slice)
acquired in one of the last two volunteers, using the best multi-plane shim strategy (strategy
7). Note the very good overlap over the breast region between the fine details evident both in
the anatomical and DWI image (pink arrow). Overall, it is estimated that most pixels in the
breast region of the DWI image would need less than 1 pixel shift to perfectly align them
with their counterparts in the anatomical image.

Discussion and conclusions
A population study was conducted, investigating the best approach for shimming the breast
region in 3T MRI exams. Seven shim strategies based on volumetric B0 data as input, and
eight shim strategies based on 1–6 planes of input B0 data were considered in our study.
While some of the qualitative results of this study are intuitive (e.g. shimming over the
breast region using volumetric B0 data yields best overall field homogeneity), some are less
obvious and provide quantitative answers with respect to what is the impact of shim strategy
on breast field homogeneity.

It was concluded at the end of our study that the heart and the back of the subjects should
never be included in the shim ROI's for breast exams. The imperfect B0 field uniformity in
the subjects' cross section (Figure 2) is due to two factors. First, the dipolar fields created by
the spins existent in each voxel of the diamagnetic tissue add/subtract to the homogeneous
field created by the magnet, and result in a strong anterior/posterior gradient over the breast
region (7). Secondly, most breast exams are performed using table-top breast coils, which
place the breast region in the center of the magnet. Consequently, the back/shoulders of the
subjects can extend beyond the region of scanner field homogeneity, and result in significant
changes in magnetic field in these anatomical regions (note the “hot” shoulder/back of the
volunteer in Figure 2a). While this should be in fact inconsequential, as no data is desired
from the back of the subject when a breast exam is performed, the inclusion of such regions
for the shim part of prescan result, on the average, in a 35–80% drop in B0 uniformity (Table
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1). Note, however, that creating a well-shimmed and on-resonance breast region
significantly increases the frequency of the subjects' back (Figure 2b and 2c); the average
resonant frequency of the subjects' back, computed over a region posterior to the heart, was
484 (±110) Hz higher than the average frequency of the breasts. Depending on the readout
sequence or sequence parameters used, this may result in signal wraparound or aliasing, and
may require spatial pre-saturation pulses (properly offset in frequency) to circumvent this
issue.

Although we have not specifically quantified the performance of the shim strategies in the
axillae, some insights can be gained by visual inspection of the B0 maps after shimming.
After applying the y gradients that compensate for the strong anterior-posterior gradient over
the breasts, the axillae tend to resonate at frequencies similar to the breasts' and lower than
the heart's or liver's (Figure 2b). Consequently, extended shim ROI's, that include the heart/
liver areas (e.g. strategies 1/2/3/4), perform worse in the axillae than strategies that avoid
them. The best approaches to improve field homogeneity over the breast area (strategies 5/7
and 12/13) also seem to offer the best results for the axillae. A tailored shim ROI that would
purposely select the breasts and the axillae, while excluding the heart/liver (of a crescent
moon type shape, e.g.), would probably yield better overall results, yet be more difficult to
prescribe in typical clinical situations.

It was also found in our study that no single multi-plane strategy works best for all
individuals studied (Table 2); the intra-breast B0 variability, cannot be captured well by a
limited number of B0 planes. Consequently, comparisons between shim strategies or image
quality should be performed on a cohort, and not on an individual basis. This conclusion
should also be reached by a quick examination of Figure 3. In addition to breast shape, other
factors, such as body type or position of internal organs, influence the B0 distribution over
the 3 dimensional volume of the breast. A shimming strategy that alternates shim values to
best accommodate each breast (6) may make little difference in a volunteer such as the one
displayed at the bottom of Figure 3; in this case, both breasts exhibit very similar behavior.
The same approach, however, may improve shimming in a volunteer such as the one
displayed at the top of Figure 3; for such a subject the right and left breasts exhibit
considerably different behavior.

This study offers insight into the improvements that can be obtained by moving from a
multi-plane to a volumetric shim strategy-- at the expense of increasing the acquisition time
for B0 maps. With static shims, a 8% reduction in the B0 standard deviation is obtained
going from the best volumetric approach (strategy 5) to the best 3 plane shim approach
(strategy 7) (Table 1). It is therefore suggested that multi-plane shim strategies may be
adequate for the majority of breast exams. In particular, a rectangular shim ROI (strategy 7)
or double cuboid ROI's, encompassing both the chest wall and the nipple areas (strategy 13),
yields best results in a population of subjects. For the exams particularly sensitive to B0
inhomogeneities, such as DWI, fast B0 mapping strategies, such as the ones described in
(9,10), coupled to dynamic shimming (per-slice (11) or per slab (6) shim and center
frequency adjustment), may result in better overall image quality.
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Figure 1.
Graphical illustration of the 15 shim strategies considered. The rectangles define the regions
over which shimming was performed; the arrows existent in some cases indicate the location
of the perpendicular planes used for shimming.
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Figure 2.
B0 maps from a normal volunteer, after shimming using a) strategy 1 b) strategy 5 and c)
strategy 7.
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Figure 3.
Average field in the right (dots) and left (crosses) breast as a function of (axial) slice
number, following shimming using strategy 5. Two volunteers, illustrating the two separate
trends we have observed in our cohort of subjects, are displayed (top and bottom).
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Figure 4.
Mid-slice from a normal volunteer, with the anatomical and DWI images overlapped. The
volunteer was shimmed using the best multi-plane shim strategy (strategy 7). Note the good
match between the fine details of the two images (pink arrow).
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Table 1

Summary of the shim strategies considered, the average standard deviation in all 12 volunteers for each shim
strategy, and the overall ranking of the shim strategies.

Shim strategy Description Std (Bo) Shim rank

1 3D shim over the entire FOV 70.9 15

2 3 plane shim over the entire FOV 68 14

3 3D shim avoiding the back, but including the heart 52.6 12

4 3 (or 2) plane shim avoiding the back, but including the heart 54.6 13

5 3D shim over the breasts 35.8 1

6 1 plane (axial only) shim over the breasts 41.6 7

7 3 plane rectangular shim over the breasts 38.9 3

8 3D shim over the right breast 39 4

9 3 plane shim over the right breast 51 11

10 3D shim over the left breast 40.8 6

11 3 plane shim over the left breast 46.3 10

12 average 3D shim over the 2 breasts 37.1 2

13 6 plane shim over the 2 breasts 42.3 8

14 average 3D shim over cuboid ROI's inside each breast that avoid the chest wall and nipple area 39.1 5

15 6 plane shim over cuboid ROI's inside each breast that avoid the chest wall and nipple area 42.8 9
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