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Abstract
Purpose—To improve image contrast and B; field homogeneity in 3 Tesla (T) breast MR.

Materials and Methods—Two practical B~ shimming methods for 3T breast MR are
presented; low-cost passive shimming using local pads of high dielectric permittivity (e,from 0 to
100), and two-channel radiofrequency (RF) shimming (adjusting @-/amplitude ratios and phase
differences of 0 to —4 dB and 90 to 45 degrees), as well as a combination of both methods. The
technique has been studied both in simulation using a numerical body model with added
mammary tissue and in vivo in six subjects.

Results—Large improvements are observed with both methods, leading to a decrease in left—

right B, asymmetry ratio of 1.24 to 1.00 (simulation) and from 1.26 to 1.01 (in vivo). RF safety
was not adversely affected.

Conclusion—Both RF shimming and dielectric shimming were shown to improve
inhomogeneity in the B field in 3T breast MR.
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IN RECENT YEARS, there is increasing interest to move breast MRI toward higher static
field strengths. The motivation for higher field strengths lies in the promise of higher signal-
to-noise ratio (SNR) (1), however, higher field (e.g., 7 Tesla [T]) human MRI remains
challenging due to several difficulties including the inhomogeneity of the transmitted radio
frequency ( B;") field, which leads to nonuniform image signal and contrast over the region
of interest (2).

Even at moderately high field strengths such as 3T, B;" inhomogeneity effects are observed
and are severe enough in certain applications to warrant detailed understanding and
correction—this is especially important at 3T given the clinical importance of this field

strength (3). In the case of 3T breast MR, this B;~ nonuniformity results in a distinct left—
right asymmetry, such that the B;" field magnitude in the left breast is increased by a factor
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of approximately 1.3 with regard to the right breast for various patient orientations and types

of body coils (2-5). An example of the B;" distribution is shown in Figure 1a, with another
example in Figure 1b showcasing the MR image shading that results from such an

inhomogeneous B;" distribution.

Recent research efforts have led to several techniques aimed at reducing B;~ nonuniformity
for various anatomies; the most recent and theoretically most versatile methods being
Transmit SENSE (6,7) and multi-channel RF shimming (8). These methods currently receive
considerable attention and are eventually expected to provide ultimate control over transmit
field uniformity and safety for future high-field imaging; however, they are also complex
methods that require costly additional hardware and considerable computational effort to
calculate the optimized excitation parameters.

The work presented here instead focuses on two simple methods without the need for
subject-specific optimization, which are moreover readily implementable on today’s clinical
systems without significant additional hardware or training effort. The first method is a cost-
efficient passive shimming approach, whereby dielectric materials are inserted in the vicinity
of the breast to perturb the field lines toward a uniform distribution within the region of
interest (ROI). The second method presented is two-channel RF shimming, nowadays
readily implemented on several scanners that provide a range of amplitude and phase
adjustment possibilities.

The ability to alter the RF field distribution by means of dielectric coil loading was first
observed by Foo et al (9); this concept has subsequently been studied by several authors
(10-17) in the form of dielectric shimming, with the most extensive analyses by Yang et al
(10-12) and Webb et al (13-15). The investigated anatomies were mostly limited to the
brain, however, with a small number of publications focused on abdominal, cardiac, and
pelvic imaging. Moreover, the available literature is limited to empirical tests of dielectric
materials in the vicinity of the body and/or phantoms; while there are only limited modeling
and parametric studies available. Therefore, this study aims at the modeling of the effect for
the case of 3T breast MR in particular—especially in view of the fact that the presented
passive shimming method is simple and low-cost, permits moderate field correction, and is

directly usable in clinical settings. In addition, dielectric pads increase the B;" signal locally
and, therefore, ultimately provide an increase of SNR and in turn image contrast (11).
Moreover, we study the combination of two-channel RF shimming and dielectric shimming
to understand the performance benefits of combining these two most widely available and
practical shimming methods. The study also studies the safety aspects of our proposed
shimming methods to ensure that SAR is maintained within regulatory limits.

MATERIALS AND METHODS

The aforementioned problems of B;" nonuniformity arise as a result of loading of the body
coil (Fig. 1c) by the human body. As shown in Figure 1f, the polarization distribution of the
B; field becomes severely perturbed compared with the circularly polarized unloaded B;
field in Figure 1e, even at the moderate field strength of 3T as shown here. This results in a
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generally noncircular (elliptical) polarization, with certain regions that even degenerate into
a linear polarization. In practice, this translates into a smaller left-hand rotating component

of the transmitted B;"-field, with the remaining portion of the total B;-field spilling over into
the right-hand polarization (i.e., the B; component of the transmit field), which is not useful
for spin excitation—the result is a lower efficiency for spin excitation as well as a decreased
receive RF signal in certain areas of the image, leading to local image shading.

The complete optimization of RF or dielectric shimming is a nontrivial task due to the
mutual coupling of electric and magnetic fields. It can be described with significant
theoretical effort, which is beyond the scope of this manuscript.

A quasistatic analysis according to the Biot-Savart law will not be sufficient for the purpose

of B;" modeling; dielectric material only acts on the £-field and thus only secondarily on the
B-field by coupling, hence no effect would be seen in such a quasistatic analysis. All
shimming concepts (both dielectric and RF) were, therefore, investigated using full-wave
analysis.

For all simulations, the commercial FDTD software package SEMCAD X (SPEAG, Ziirich,
Switzerland) was used together with a model of the Virtual Family (Ella, IT’IS foundation,
Zirich, Switzerland). In view of the focus on the field distribution in the breast, additional
mammary tissue was added specifically to the model as shown in Figure 1d. The electric
properties of the added breast tissue at 128 MHz were €,=5.64, o = 0.03 S/m (adipose
tissue), €,= 65.44, o0 = 0.52 S/m (skin), €,= 40, 0 = 1 S/m (glandular tissue) (5,18-21). The
breast size was chosen to be large to account for the worst-case loading scenario.

The coil was modeled as a shielded 16-leg highpass birdcage coil using the SEMCAD-
included birdcage tool, with dimensions selected to approximate the body RF coil on a
typical widebore 3T scanner (primary diameter =72 cm, length = 59 cm, shield diameter =
75 cm, length =62 cm). The coil was tuned and matched at 128 MHz loaded with the Ella
body model, and a value for S;1 below —15 dB was achieved for both /and Q@ channels.

The simulation study was first conducted without any shimming to confirm the left—right
asymmetry effect observed in practice in 3T breast MR images. Subsequently, simulations at
different values for the Q-/-amplitude ratio and over a range of Q-/phase differences were
carried out, followed by a simulation of the dielectric shimming effect. For the latter, pads of
2 cm thickness were placed in direct contact with the skin on both breasts of the modified

Ella model. The breast with the lower B;" value was surrounded by a dielectric pad to

increase the B;f field. The simulations were then carried out over different permittivity
values for these pads, including the elimination of one pad or the other. In a third step,
dielectric and RF shimming were both applied, to form a combined passive-active shimming
technique.

For each of the shimming scenarios, B;~ maps normalized to the total input power, B;" gain,

left-right ratios, and intra-breast B;" variabilities were extracted. The left-right ratio was
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obtained as the ratio of mean values for B;" in left and right breast. The B;" gain was
calculated as the ratio of the mean value of B;, normalized to the total input power,

throughout both breasts and the mean value of B;" for the original circular polarization
(quadrature configuration, top left corner, normalized to the square root of the quadrature
total input power).

avg(Bf)
VPin
y [

= 7+
an(quuad

\Y4 P’Ln,quad

The intra-breast B;" variabilities were calculated as the standard deviation of B in each
breast in percent. This value is of interest in an effort to monitor and maintain a reasonable

intra-breast B;" variability within each breast while trying to reduce left-right B;"
asymmetry.

A simulation study on the effects of these two methods on 10g-averaged local SAR was also
conducted to analyze the MR safety aspects of the proposed methods. SAR values were
normalized to 1 W input power at each port.

In Vivo MR Study

Experimental verification of the simulations was carried out by imaging a population of six
female volunteers of average age 30 years (age range, 24-35 years), using a GE Discovery
MR750w widebore 3T scanner that had Q-/phase/amplitude shimming capability. The
average height and weight were 170.2 cm and 62.7 kg, with an average cup size between B
and C. In this scanner model, the amplitude of the Q-port can be adjusted relative to the
port amplitude from 0 dB down as low as —4.5 dB, and the Q-/phase difference can be
adjusted from 90 degrees (quadrature drive; circular polarization) down as low as 45
degrees. The body coil thus served as the transmit coil, with a Sentinelle SPEEDER eight-
channel breast array for reception. The dielectric shimming tests were carried out using a
commercial dielectric pad from GE Healthcare, of thickness 2 cm. Two flat pad sizes were
used, a smaller sized pad measuring 41 x 12 cm? used in patients with smaller breast sizes,
and a larger pad of size 44 x 32 cm? for larger breast sizes. The dielectric pad was loosely
attached to the breast coil and depressions were created by pushing the pad into the coil
cavity. The setup presented no discomfort to the patient.

B; maps were obtained using the Bloch-Siegert method (22,23) with a two-dimensional
gradient-echo readout, using a TR of 50 ms, and a scan time of 50 s for a single slice
readout. We used an adiabatic Bloch-Siegert (ABS) pulse of 7.6 uT amplitude and 6 ms
duration. The excitation flip angle was set to 30 degrees which approximated the Ernst angle
for mainly adipose tissue. The resolution of the B;” map was set to 8 mm isotropic. The
average global SAR was measured to be 0.4 W/kg during these exams. The obtained B;
maps were normalized to the total input power.
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All study procedures were approved by the Stanford Institutional Review Board and
informed consent was obtained from all study participants.

RESULTS

Simulation
A first simulation of the body+breast model was carried out to confirm the suspected

phenomenon of left-right B, asymmetry. The result is shown in Figure 2a for the quadrature
configuration (0 dB Q-/amplitude ratio, 90 degree Q-/phase difference). A left-right
asymmetry ratio of approximately 1.24 was obtained, which is a reasonable match to the
measured asymmetry ratio of 1.32 (3). The left—right asymmetry ratio was also calculated
for the original Ella body model without added mammary tissue, and a ratio of 1.26 was
obtained. The relatively low variation of the left-right ratio with different breast sizes is
likely due to the high fat content of breast tissue (= 10). In comparison, other tissue types
have higher water content (¢,= 80) and, therefore, changes in these anatomies perturb the

By field stronger than breast tissue. It is concluded from this result that breast size only
marginally influences left-right asymmetry ratios.

Figure 2 also shows simulation results obtained for RF shimming alone for a variation of the
@-/amplitude ratio from +4 dB to —4 dB and a variation of the Q-/phase difference from 90

to 45 degrees. Figure 2a shows the B;" maps, whereas b and ¢ show the B;" gain and the
left—right ratios for each of the configurations shown in a). The results also show intra-breast

By variability in Figures 2d and e.

The presented RF shimming results indicate that phase shimming alone resolves a large
amount of the asymmetry observed. For example, a decrease of the Q-/phase difference
from 90 to 45 degrees in the simulation reduces the left-right ratio from 1.24 to 1.05.
Amplitude variation alone also reduces the asymmetry effect: an increase in Q-/-amplitude
ratio from 0 dB to +3 dB improves the left-right asymmetry ratio from 1.24 to 1.13. A
decrease in Q-/amplitude ratio instead seems to introduce more asymmetry. Combined
amplitude ratio increase (+3 dB) and phase difference decrease (45 degrees) lead to an
optimized left-right ratio of 1.00, whereas an amplitude ratio increase of +4 dB together
with a phase difference decrease of 45 degrees leads to a reversed left-right ratio of 0.97.

Bj gain also improves with a decrease in Q-/phase difference, by a factor of 1.13 for a 45
degree decrease. An improvement is also found for lower Q-/-amplitude ratios: for a Q-/

amplitude ratio of -3 dB and a phase decrease of 45 degrees, a B;" gain of 1.19 is achieved.

The intra-breast B variability in the left breast can be decreased by phase-only shimming,
using only moderate or no Q-/amplitude shimming, (e.g., from 4.5% to 0.8% with phase-
only shimming using a phase difference of 45 degrees), however, larger values for the Q-/
amplitude ratio will worsen the effect (for example, @-/amplitude ratios of +3 dB and +4
dB increase the variability to 6.4% and 15.2%, respectively, with Q-/phase difference set to

45 degrees in both cases. The intra-breast B;f variability in the right breast increases for all
shimming settings (2.4% to 3.1% for phase-only shimming (45 degrees), as well as 7.8%
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and 12% for Q-/amplitude ratios of +3 dB and +4 dB, respectively, both using a Q-/phase
difference of 45 degrees.

Figure 3 shows a parametric analysis for a dielectric pad on the left breast, with different
values for the relative permittivity. Figures 3b and ¢ show the B;" gains and left-right ratios,

Figures 3d and e illustrate the intra-breast B;" variability. The results show that a dielectric
pad alone of relative permittivity €,= 100 will decrease the left—right ratio from 1.24 to 1.03.
As a comparison, if the relative permittivity of the dielectric pad is 80 to better mimic the
permittivity of a commercially available dielectric pad, then the simulated left-right ratio is

1.08. Note that the B;" gain is increased by 15% due to the presence of the dielectric pad.

The intra-breast B variabilities show a slight increase (by 1-2%) for a pad of relative
permittivity €,= 100. This is attributed to the fact that the pad only acts on tissue in its
vicinity, i.e., around the edge of the breast.

Figure 4 shows the simulation results for combined RF and dielectric shimming. In this
scenario a dielectric pad of relative permittivity €,= 80 (to best match the permittivity of the
commercial pad used in the presented in vivo studies) is placed on the left breast and then
simulated for Q-/amplitude ratios from 0 to —4 dB and Q-/phase differences from 90 to 45

degrees. Figures 4b and ¢ show the B;" gains and left-right ratios for the case of combined
RF and dielectric shimming, Figures 4d and e show the intra-breast B;" variabilities. A

general increase in normalized B;~ amplitude can be observed due to the presence of the
additional dielectric pad. In terms of left-right ratio, a decrease in Q-/phase difference to 75
degrees alone, together with the dielectric pad of relative permittivity ,= 80 leads to the
desired left-right ratio of 1.00, with stronger shimming attempts leading to a reversed left—
right ratio. Positive values for the Q-/amplitude ratio are omitted because they mostly lead
to a reversed asymmetry.

While the field homogeneity can be improved, special attention has to be paid to the effect
of the aforementioned perturbations on the local SAR distribution. Theoretically, SAR
hotspots that are present in the original unshimmed case can increase or relocate after
shimming, and it is, therefore, important to analyze this in detail. Figures 3f-i show the
simulated local SAR normalized to the total input power for RF shimming and dielectric
shimming separately. The local SAR for the case of RF shimming shows a reduced SAR
pattern (Fig. 3g), compared with the quadrature configuration shown in Figure 3f. The use of
a dielectric pad does not affect the SAR values in the vicinity of the corresponding breast
(Figs. 3h, i). The simulated partial body SAR was calculated to 0.64 W/kg and 0.55 W/kg
with and without RF shimming in simulation. Dielectric shimming did not affect these
values.

To prove the concept of this technique, B;~ maps were acquired experimentally with and
without shimming techniques applied. Figure 5 shows RF shimming alone and combined
dielectric and RF shimming for two different Q-/ phase/amplitude configurations for two

different subjects (a,b), together with the B;" gains (c), left-right ratios (d), and intra-breast
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Bj variability (e and f). Figure 6 shows the results for RF shimming only, in four additional
subjects. It is observed that the left-right ratio can be decreased in all subjects by Q-/phase-
shimming alone (an average ratio of 1.1 is achieved with a decrease in phase difference of 45
degrees, starting from an average ratio of 1.26 for the unshimmed case). This represents a
reduction of 13%, which is in agreement with a reduction of 10% obtained from simulation.
Additional improvements would be expected with @-/amplitude/phase shimming, if the
scanner allowed for positive Q-/amplitude ratios. Additional dielectric shimming decreases
the left—right ratio compared with RF shimming alone, on average by 6.7% for the

commercial pad, which is in agreement for the simulated value of 5.6%. The B;" gain for the
presented in vivo plots cannot be directly compared with simulations, as the experimental

values are scaled to the maximum B;+ amplitude that the system can generate. The intra-

breast B;" variabilities increase slightly using both RF (left: +4%, right: +1%; both values
for a phase difference decrease of 45 degrees) and dielectric shimming (+2% for the
commercial pad), similar to the values observed in simulation. Additional errors are

attributed to noise artifacts in the generated B;"-maps. It is noted here that, in some of the
experimental cases, shimming adjustments in the form of larger Q-/amplitude ratios and
decreased Q-/phase differences may be required to fully mitigate the inhomogeneity effect
compared with the simulation; an improvement is, however, seen in all cases with the
proposed shimming values. This is mostly due to large variations in patient size and the
consequent differences in coil loading, which leads to a more pronounced asymmetry effect
for the quadrature configuration.

DISCUSSION

The results presented above confirm that the observed phenomenon of B;" left—right
asymmetry is well predicted by simulation. A previous in vivo study showed a measured
left-ratio of 1.32 among a population of 30 patients (3). These previous results coincide with
the simulation results and in vivo results presented above.

RF shimming is capable of removing the B;" left-right asymmetry, and is moreover useful in
increasing B;" gain. Dielectric shimming has a confirmed positive effect as well. Optimum
settings for B; gain. can be achieved with lower values of Q-/amplitude ratios, which
increases B; gain. Therefore, we conclude that either RF or dielectric shimming alone will
yield positive results, but that an even greater effect is achieved if both are used together.

This finding might have practical implications for situations where the RF shimming
capability of the scanner is constrained.

The GE MR 750w model used in this study only allows for a decrease in Q-/amplitude ratio
and phase difference (0 to —4.5 dB and 90 to 45 degrees, respectively); however, following
the aforementioned results, adjustment of the phase difference alone is still quite effective in

improving the left-right asymmetry. Further improvements in terms of B;~ homogeneity and
efficiency in breast imaging may require a wider range of adjustment on both Q-/phase
difference and (especially) Q-/amplitude ratio.
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It is to be noted that this two-channel RF shimming technique differs from the more complex
RF shimming techniques by its readily available implementation on commercial systems
that allow for independent adjustment of the /and @ channels of the transmit body coil. This
is in contrast to multi-channel RF shimming, which is applicable to any coil type, including
surface arrays, requiring a highly complex computational optimization effort. With the
technique described in this study, a general setting for the Q-/amplitude ratio and phase

difference can be found that is expected to lead to improved B;' left-right ratio in the
average patient. An optimized setting to be used on GE scanners is, therefore, proposed as a
Q-/amplitude ratio and phase difference of 0 dB and 45 degrees, respectively. With
additional dielectric pads, asymmetry can be reached with lower values for the Q-/phase

difference and B;" gain can be increased further.

The attentive reader will also note that it might be better to use two different dielectric
materials, one with higher dielectric permittivity on the left breast, together with a second

pad of lower permittivity on the right breast, with the goal of increasing B;" gain. In this
regard, recent research has been demonstrating ever higher values for the dielectric
permittivity (24), and several studies have been conducted on the MR specific optimization
of such dielectric materials in terms of their T1 and T2 relaxation parameters to ensure low
background signal in an MR scan (16). A future study could, therefore, expand on this
analysis using dielectric pads of higher permittivity and optimized relaxation characteristics.
It is also interesting to note that an optimized configuration must exist for the material,
placement, and geometry of such pads. This is beyond the scope of this study but might

improve the performance achieved here, especially in terms of intra-breast B;" variability,
and might be a subject for investigation in the future.

Regarding safety aspects, the results for SAR are in agreement with (15) for dielectric
shimming. While SAR has to be predicted and monitored when using RF shimming,

dielectric pads commonly reduce SAR (13), and can, therefore, be used to supplement
moderate RF shimming, as a strategy for staying within SAR guidelines when needed.

Altogether, it can be concluded that compared with more complex methods such as Transmit
SENSE and RF shimming using more than two channels, the techniques outlined in this
study offer a simple and practical method that can be implemented without the need for
expensive additional hardware or changes in the scanner configuration. The methodologies
described here can be used when needed during a scan without any additional requirements
(most commercial systems now include the additional Q-/amplitude/phase adjustment) for
advanced operator training or scanner upgrades.

The limitations of the proposed technique lie in the fact that only a standard set of values for
@-/amplitude/phase adjustment can be selected. The radiologist or MR technician can select
different phases and amplitudes upon inspection of a first image and then fine tune this
selection, as well as exchange the dielectric pad for a different material or size. However,
there is no automation or optimization included in this approach, which is done in favor of
simplicity of the proposed method.
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In conclusion, two shimming modalities to reduce B;" left-right asymmetry in 3T breast MR
are proposed, the first using passive dielectric insert elements, and the second using a two-
channel RF shimming approach. Both methods are readily implementable on many modern
systems and represent a simple, practical, and inexpensive alternative to more complex
Transmit SENSE and multi-channel RF shimming alternatives. With appropriate tuning of

shimming parameters, the methods successfully restore B;" uniformity and hence uniform

image contrast while at the same time increasing B;" gain; for this reason these shimming
methods are expected to improve breast cancer detection and diagnosis by 3T MRI.
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Figure 1.

Example for the B;" distribution (flip angle in degrees) (a) and the resulting image shading
in the breast at 3T (b), obtained with a body coil. c: Computational model of a 3T body coil
with body model (Virtual Family, Ella, 26 years, IT’IS foundation). d: Additional mammary
tissue used for this modeling study. Polarization of the B;-field for unloaded body coil (€)
and body coil loaded with body model (f).
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RF shimming simulation results: B;* distribution for different shim amplitudes and phases

(normalized to the total input power) (a), B;" gain (b), and left-right ratios (c), and intra-

breast B;" variabilities in percent in left (d) and right (€) breast.
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Figure 3.

Dielectric shimming simulation results: B;" distribution for different relative dielectric
permittivities (a), B gain (b), left-right ratios (c), and intra-breast B;" variabilities in
percent in left (d) and right (€) breast. Simulated 10g-averaged local SAR (Normalized to
1W input power at each port) for quadrature drive (f), RF shimming only (g), dielectric
shimming only (h), and combined RF and dielectric shimming (i).
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Figure 4.
RF and dielectric combined shimming simulation results: B;" distribution for different shim

75° 60" 45

amplitudes and phases (normalized to the total input power) (a), B;" gain (b), left-right

ratios (c), and intra-breast B;" variabilities in percent in left (d) and right (e) breast. A
dielectric pad of permittivity £,= 80 has been used. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figureb5.

In vivo shimming results: B;" distribution in uT for different shim amplitudes and phases for

subject 1 (a), subject 2 (b), and the corresponding B;" gains (c), left-right ratios (d), and
intra-breast B;" variabilities in percent in left (€) and right (f) breast.
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Figure6.
RF shimming in vivo results: B;" distribution for different shim amplitudes and phases (a),

Bj gain (b), left-right ratios (c), and intra-breast B;" variabilities in percent in left (d) and
right (€) breast.
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