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Abstract

In high-field magnetic resonance imaging, the radio frequency wavelength within the human body
is comparable to anatomical dimensions, resulting in B; inhomogeneity and nonuniform
sensitivity patterns. Thus, this relatively short wavelength presents engineering challenges for RF
coil design. In this study, a bilateral breast coil for *H imaging at 7 T was designed and
constructed using forced-current excitation. By forcing equal current through the coil elements, we
reduce the effects of coupling between the elements to simplify tuning and to ensure a uniform
field across both breasts. To combine the benefits of the higher power efficiency of a unilateral
coil with the bilateral coverage of a bilateral coil, a switching circuit was implemented to allow the
coil to be reconfigured for imaging the left, right, or both breasts.
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Introduction

In recent years, efforts have been made to translate existing MR technologies to 7 T in order
to capitalize on the improved sensitivity and signal-to-noise ratio (SNR) [1]-[5]. Several
clinical 7 T breast studies have demonstrated the feasibility and the advantage of utilizing
high field [3], [6]-[11]. Operating at high fields, however, presents a number of engineering
challenges. Transmitting at a higher Larmor frequency creates a shorter radio frequency
(RF) wavelength in the body, often resulting in B, inhomogeneity and nonuniform
sensitivity [12]-[14]. When designing high field coils with multiple elements, the shorter RF
wavelength also causes more complex element-to-element interactions, complicating coil
tuning. A number of research groups have employed parallel RF transmission to address the
high-field inhomogeneity problem [15]-[19]. This method utilizes multiple transmit
channels, individually controlling the current on each coil element, to achieve a uniform
excitation. However, the high channel count needed to implement this technique is often
expensive and available at a few research sites only; hence, single-channel techniques are
still needed. In the past, our group has successfully applied the forced-current excitation
(FCE) technique on high field multielement coil designs to obtain some of the advantages of
a two-channel transmitter at much lower complexity and cost. The FCE technique exploits
transmission line properties to ensure that equal currents are delivered to the feedpoints of
all elements [20]. This approach has been shown to mitigate inhomogeneity arising from the
asymmetric coil loading encountered in breast imaging [21].

In clinical practice, a bilateral study is preferred as it simplifies planning and interpretation
of the results [11], [22]-[24]. Comparing images from both breasts can reduce false positive
detection in dynamic contrast enhancement (DCE)-MRI. Additionally, studies indicate that
in women recently diagnosed with unilateral breast cancer, additional cancer lesions are
sometimes detected in the contralateral breast [25]. Several 7T breast studies have indicated
a need for bilateral coil design [8], [11]. On the other hand, in some applications, e.g., proton
decoupling in second-nuclei applications, a unilateral coil may be preferred, since it enables
judicious use of the available total proton decoupling power in a single breast [26]-[28]. Our
group has reported a unilateral, quadrature FCE breast coil previously [21]. Here, we
describe the extension of the unilateral coil to a new switched-mode coil. The new coil can
be configured for either bilateral operation or unilateral operation for either breast. By
extending the FCE approach to both sides of the array, the mutual impedance between the
left and right arrays is also mitigated, eliminating potential asymmetries caused by mode
splitting. The switched-mode coil was evaluated on the bench and through MRI experiments
in its different configurations. Efficiency comparison was made on bench with the
previously reported unilateral coil.
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[l. Materials and Methods

A. Coil Design

In designing the switched-mode coil, we initially duplicated a previous unilateral coil
construct [21] and added a switching network to enable selectable bilateral and unilateral
(left/right) operation. The switching network was designed to enforce the FCE condition in
all modes. All coil conductors were etched from copper-clad FR-4 PCB.

Each quadrature unilateral coil consisted of a Helmholtz pair and a saddle pair, as previously
described in [21]. In brief, the two identical loops comprising the Helmholtz pair had 16 cm
i.d. and 17.2 cm o.d. and were coaxially separated by 8 cm in the vertical y-direction. Each
element was segmented by eleven 10 pF capacitors. A concentric coplanar shield surrounded
each loop, with 18 cm i.d. and 18.7 cm o.d.; the addition of coplanar shields has been shown
to reduce E-field radiation from the coil [21]. To prevent eddy currents, each shield was
segmented in two locations by 1800 pF capacitors. The saddle pair coils were affixed on
opposite sides of a 15.2 cm i.d. acrylic tube and centered inside the Helmholtz pairs. The
elements were rectangular with inner measurements (when flat) of 15.3 cm width and 8.1
cm height and outer measurements of 16.5 cm width and 9.4 cm height. When mounted at
radius 7.6 cm, each saddle produced an angular aperture of 120°. Analogous to the coplanar
shields on the Helmholtz elements, rectangular shielding conductors of 0.4 cm width were
spaced 0.5 cm outside of the saddles. Each coil element was segmented by eleven 12 pF
capacitors, and the shield was segmented at two locations by 1800 pF capacitors.

To enable bilateral operation, the unilateral coil was duplicated and the two coils were
spaced 19.2 cm center-to-center in the x direction. In this paper, we define the term “left
coil” as the coil used to image the left breast of a patient (—x), and “right coil” as the coil to
image the right breast (+x). Photographs of the coil are shown in Fig. 1.

The close proximity of the two quadrature coils raised concerns of potential B, field
cancellation in the bilateral configuration. Two feeding schemes were available: with the By
field having the same direction [see Fig. 2(a)]; with the B, field having the opposite
direction [see Fig. 2(b)]. The first arrangement provided better SNR in simulations and was
chosen for the final design.

B. FCE and Mode Switching

The theory behind the FCE method has been presented elsewhere [20]. In brief, in a single-
channel multielement array design, the elements are connected to a common voltage point
(CVP) through quarter-wavelength transmission lines. The resulting current at the feed point
of each element is equal despite differences in loading and mutual impedance between
elements [20]. In this coil, all four elements in the two Helmholtz pairs were connected to
one CVP through quarter-wavelength segments of semirigid coaxial cable, and all four
elements in the two saddle pairs were connected to a second CVP using the same method.

The circuit boards for the CVP included p-i-n diode switching networks allowing unilateral/
bilateral mode selection. Four operating modes were possible: Both coils activated (bilateral
mode, mode 1); Left coil activated with right coil detuned (mode 2); Right coil activated
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with left coil detuned (mode 3); Both coils detuned (mode 4). Modes 1-3 were utilized for
transmit/receive configurations, and mode 4 was included for potential future use with
receive array inserts. To control mode switching of the two coils, we assembled a power
supply switching device to provide two dc supply signals which can be switched between
+12 and —12 V; positive polarity activates the corresponding coil, whereas negative polarity
effectively disconnects and detunes the coil.

A simplified schematic of the switching circuit with coil connections is presented in Fig. 3.
RF chokes on the dc bias lines and current limiting resistors are omitted for clarity.

The path for the RF is determined by the status of p-i-n diodes D1 and D2 (UM9415,
Microsemi, Lowell, MA, USA). A +12/-12V signal forward/reverse biases D1 or D2, which
connects/disconnects the corresponding coil elements to/from the RF chain. In unilateral
mode, it is necessary to detune the nonactive coil. The FCE implementation provides a
straightforward method to detune a coil: when D1 or D2 is reverse biased, D3 or D4 is
forward biased by the same dc signal, essentially creating a short-circuit at the CVP.
According to transmission line theory, the quarter-wavelength coaxial lines transform the
short-circuit to an open-circuit at the feed of the coil elements, consequently detuning those
elements. When D1 or D2 is forward biased, D3 or D4 is reverse biased by the same dc
signal and does not affect the RF chain. The switching network is followed by a single
match/tune board after which the matched coil is connected directly to one port of the
scanner quadrature coil interface box, which provides the RF preamplifier and transmit/
receive switching. The apparatus and signal paths shown in Fig. 3 are duplicated for the
other set of coils (Helmholtz or saddles).

To summarize, by combining the FCE method and the diode switching network, equal
current is forced at the coil elements within the same coil (modes 1-3), as well as the left
and right coils (mode 1). In modes 2 and 3, the unused coil is detuned.

Because the quarter-wavelength coaxial lines connecting the left and right elements to the
CVP boards share a common ground at the boards, upon implementing the bilateral design
the shields of these cables were found to support additional half-wavelength dipole modes,
which degraded performance and affected left-right symmetry. These cable modes were
largely mitigated by placing two identical parallel copper shields in the transverse plane,
superior and inferior to the coils, spaced 1 cm from the outer conductors. Each shield has
dimensions of 40.7 cm (x) x 10.3 cm (y). The shields were segmented along the x- and y-
directions to mitigate the effect of eddy currents, with four evenly spaced y-directed cuts,
and one central x-directed cut which skips the middle area where the switching circuit
boards were mounted.

D. Electromagnetic Modeling

FDTD simulation software (Xfdtd 7.4, Remcom, State College, PA, USA) was used to
perform electromagnetic simulation to calculate By * and specific absorption rate (SAR)
generated by the coil. The phantom previously utilized in [21] was used for comparison
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purposes. This phantom included a cylinder consisting of breast fat material (o= 0.033 S/m
and & = 5.54) and a rectangular block consisting muscle material (o= 0.77 S/m and & =
58.2). The dielectric properties of the different materials were obtained from [29]. The coil
was simulated in modes 1-3. For each mode, the active coil elements were fed with high
impedance (1000 €2), 1-A steady-state current sources to simulate the FCE drive condition.
0° and 90° phase offsets were added to the Helmholtz and saddle feeds, respectively, to
create quadrature excitation. The nonactive coil elements in modes 2-3 are left open-
circuited at their feed points.

E. Coil Testing—Bench Measurements

The switched-mode coil By * efficiency was initially evaluated on the bench in all three
modes. A prototype Helmholtz pair bilateral coil was also tested on bench to analyze the
effect of FCE on tuning and homogeneity.

1) FCE Versus non-FCE Performance—When the switched-mode coil operates in a
bilateral mode, the coupling between the two closely spaced quadrature coils creates
multiple modes with different relative current amplitudes and phases in the elements. This
complicates the coil tuning and affects the field homogeneity. To evaluate the impact of
using the FCE method in such a scenario, a prototype Helmholtz pair bilateral coil with
slightly smaller dimensions (14.8 cm i.d. for each coil) was tested on the bench. FCE versus
non-FCE performance was evaluated. In the non-FCE case, 31/8 coax cables, instead of 1/4
were used to excite the Helmholtz pair elements after the CVP. The following comparison
data were collected: 1) Sq1 response of the bilateral coil over a 50 MHz span centered at 298
MHz, 2) Field profiles at 298 MHz along the central axis in the left coil using a shielded
pickup loop, and 3) Field strength measured as the Sy response between the coil and the
same pickup loop located at +1 cm on the central axis of the left coil (O cm represents the
isocenter of the coil, and positive values represent positions toward the bottom of the coil),
over a 50 MHz span centered at 298 MHz.

2) Switched Mode Coil-efficiency Comparison of the Three Modes—As
discussed above, one potential advantage of allowing unilateral operation on the switched-
mode coil is higher power efficiency over the bilateral mode. The incoming RF signal, as
represented in Fig. 3, should divide evenly into the two coils in bilateral mode owing to the
symmetric circuit structure. When switching from bilateral mode to unilateral mode, the
input power is directed into the active coil and a 3 dB higher power efficiency is expected.
To evaluate the coil efficiency in modes 1-3 (bilateral, unilateral-right only, unilateral-left
only), the Helmholtz pairs and saddle pairs were tuned to 50 £2 at their feed-points and
excited in quadrature mode. One-dimensional field profiles were measured along the x-axis
through both coils using a measurement system dedicated for RF coil characterization [30]
and a quadrature shielded pickup loop. The measurements were repeated for modes 1-3 and
the By * profiles were plotted together to compare efficiency. To fully evaluate the coil
performance under potential coupling between the multiple elements, the coil was tested
unloaded where the highest quality factor was achieved. Additionally, the insertion loss of
the switching circuit was measured to evaluate the effect of the diodes in the RF path. The
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impact of such loss on the coil was then evaluated on bench by comparing the efficiency of
the coil in unilateral mode to the purely unilateral coil described earlier [21].

F. Coil Testing—MRI Experiments

The switched-mode coil performance was evaluated on a whole-body 7 T scanner (Achieva,
Philips Medical Systems).

1) Phantom Imaging—The phantom was constructed out of a container shaped as a
tapered cylinder, 13.4 cm diameter at the top decreasing to 10.8 cm diameter at the bottom.
Two such containers were filled with canola oil to mimic lipid properties of the breast and
were placed inside the two quadrature coils, with the top of the phantom container at 1 cm
above the top Helmholtz loop.

Phantom images were acquired in coil modes 1-3. The coil efficiencies of modes 1-3 were
compared by recording the peak transmit drive scale (DS) required to achieve a 90° tip angle
over a rectangular region in the center of the phantom.

2) In Vivo Breast Imaging—To test coil performance two volunteers with different
breast cup size were scanned under an Internal Review Board approved protocol and after
signing an informed consent. In vivo bilateral coverage and fat suppression uniformity were
tested by acquiring coronal 3-D T1-weighted fast gradient echo (THRIVE) images with and
without fat suppression. Additional in vivo imaging parameters were as follows: FOV 370
mm x 285 mm x 150 mm (RL x FH x AP), resolution 1 mm x 1 mm x 1 mm
(overcontiguous), TR/TE/FA: 4.0 ms/1.6 ms/8°, SPAIR with Tl = 150 ms (for fat
saturation), partial Fourier acquisition of 0.7 (halfscan) in the first phase encoding direction,
for a total scan time of 1:22 min (no fat saturation) and 3:44 min (with fat saturation). The
original coronal images were also reconstructed in the axial plane as 1-mm projections. Coil
excitation homogeneity was evaluated using B; mapping with a dual TR acquisition [31]
with nominal flip angle of 50°, TR1/TR2 = 35/140 ms, and resolution 3 mm x 3 mm x 2
mm.

I1l. Results and Discussion

A. Electromagnetic Modeling

The 3-D model of the coil and breast phantom is shown in Fig. 4. B; * field maps and 10-g
averaged SAR maps at the Larmor frequency (298.03 MHz at 7 T MRI) were obtained in the
central axial plane in modes 1-3, and are shown in Table I. All modes had 1 W total power
applied.

As expected, higher B *, as well as SAR are generated in the active coil in unilateral mode
as compared to bilateral mode for the same amount of input power. The By * in the
nonactive coil in unilateral mode is suppressed by approximately 20 dB, as compared to the
active coil. In all three modes, highest SAR is observed in the chest wall.

In unilateral mode, the unused coil is detuned and does not produce significant SAR;
therefore, the By */sqrt(total SAR) is higher in unilateral mode. This is useful in cases where
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the peak power or total SAR is limited. Accordingly, the SNR is also higher in unilateral
mode, by reciprocity. Of course, since the left and right coils are identical, By */
sgrt(maximum SAR) was found to be very close (within 0.3 dB) in the active coil for all
three modes. Thus, the mode does not change peak SAR performance. Therefore, enabling
the unilateral mode may be advantageous in applications like proton decoupling if the peak
available power is limited.

B. Coil Testing-Bench Measurements

1) FCE Versus non-FCE Performance—The FCE versus non-FCE performance was
evaluated on the prototype Helmholtz pair bilateral coil. In both cases, the coil was tuned to
50 €2 at 298 MHz—resonance frequency at 7 T. The Sq1 response of the bilateral coil, the
field profile along the central axis of the left coil at 298 MHz measured with a pickup loop,
and the Sy; between the coil and the pickup loop located at +1 cm on the central axis of the
left coil, was recorded and compared for the two cases, as shown in Fig. 5.

In the FCE case, presented with blue curves and symbols, the coil behaves well despite the
presence of four closely coupled elements: the S11 response shows a single mode in the
span (a), the field profile is uniform indicative of equal currents in the elements (b), and the
response peaks at the desired frequency (c). In the non-FCE case, the Sq1 response indicates
the presence of multiple modes. Since the coil elements are not tuned independently and
equal currents are not enforced, the resulting field profile (b) is highly inhomogeneous. The
34/8 feedlines (non-FCE condition) did not ensure equal currents, and indeed represented a
“free” voltage excitation case in which the mutual impedance between elements must be
accounted for to ensure operation in the proper mode [32]. In this case, that would require
more degrees of freedom in tuning the coil than just a single matching network. This
behavior is reflected in the rapidly varying field intensity with frequency in the non-FCE
mode shown in Fig. 5(c).

2) Switched-Mode Coil-Efficiency Comparison of the Three Modes—The By *
profiles of the switched-mode coil operating in modes 1-3 are plotted in Fig. 6. In unilateral
mode (modes 2 and 3), the inactive coil was detuned. Since the two coils were closely
spaced, the active coil has some sensitivity over the region within the detuned coil. This
detected residual signal decreases toward the outer edge of the detuned coil and is primarily
due to the natural sensitivity of the “on” coil, as shown below.

When switching from bilateral mode to unilateral mode, a 1.8-3.5 dB increase in RF power
sensitivity was observed within the activated coil, with an increase of approximately 3 dB at
the central region of the coil. Enforcing equal currents in the left and right coils results in
symmetric fields despite high mutual impedance between the two coils and slight
differences in components and the fabrication process. When operated in unilateral mode,
the nonactive coil has 9-20 dB lower sensitivity than the active coil.

The insertion loss of the switching circuit was found to be 0.6 dB at 298 MHz, which is
mainly caused by the series diodes. The power efficiency of the switched-mode coil in
unilateral mode was measured to be 0.6 dB (13%) worse than that of the purely unilateral
coil, which does not have the diode switching circuit.
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C. Coil Testing-MRI Experiments

1) Phantom Imaging—Phantom images were acquired with the switched-mode coil. All
images were acquired with a same set of scan parameters and the same phantoms. Fig. 7(a)—
(c) are the images acquired with the switched-mode coil in the three modes (for a discussion
of the in vivo images, please see the next section). When the switched-mode coil operates in
unilateral mode (modes 2-3), the residual signal received by the detuned coil was
predominantly suppressed, with the maximum signal in that region only 10% of that in the
active coil. This is consistent with the bench results in Fig. 6. It is evident that the inactive
coil in the switched mode coil is effectively detuned by the switching network.

On the 7-T Philips Achieva scanner, the output voltage of the power amplifier is linearly
proportional to the transmitter drive scale, so the output power is proportional to the square
of the drive scale. The DS for a 90° tip angle using the switched-mode coil was recorded
during the transmit gain calibration phase in modes 1-3 is shown in Table I, along with
relative output power of each case, scaled to 0 dB for the bilateral mode 1. The coil was also
compared on the bench by measuring the S,1 between the coil and a pickup loop in the
center of the active coil in all modes. In each case, the coil was tuned to 50 2, and the power
required to obtain the same field strength at the pickup loop was recorded and scaled to the
result of mode 1. The bench result is consistent with the MR measurements.

The results in Table 11 demonstrate that the switched-mode coil, when in unilateral mode, is
approximately twice as efficient as its bilateral mode, which may be useful for certain
applications, such as chemical exchange saturation transfer or proton decoupling, that
requires high-transmit field intensity.

2) In Vivo Breast Imaging—Similar to the phantom experiments, in vivo images were
acquired with the switched-mode coil in all three modes (see Fig. 7). Original in vivo
acquisition (coronal) and reconstructed (axial) fat-suppressed images are shown in the
middle and right columns, respectively. Excellent signal localization is seen in the unilateral
modes, with less than 10% of the signal being excited in the nonenabled coil. Fig. 8 shows
in vivo images in bilateral mode with and without fat suppression (top and middle rows,
respectively). While the volunteers presented different breast cup sizes (left: C/D, right:
AJ/B), the bilateral mode produced uniform excitation, as seen from the images and from the
B * field maps (bottom row). The volunteer in vivo images demonstrate good bilateral
coverage and uniform fat suppression. Good coverage of the chest wall and the axilla is also
seen.

V. Conclusion

At 7 T, FCE is one approach to overcome B1 inhomogeneity as demonstrated in a unilateral
breast coil [21]. Since clinical breast imaging requires a bilateral coil, the FCE principle was
extended to the operation of two unilateral coils simultaneously, or individually. A
switched-mode coil operated at 7 T introduces significant challenges due to the high
coupling between two closely spaced unilateral quadrature coils when operated
simultaneously. This coupling will introduce additional unwanted modes, making it difficult
to ensure operation in the desired mode and with the desired current distribution. In addition,
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is desirable to have a coil that is relatively insensitive to the uneven and variable coil

loading presented by the general population. By using the FCE method, the current at feed
points of each coil element was forced to be equal within the same coil, as well as the left
and right coils (when operated in bilateral mode). This addresses the complication in tuning
a multielement coil and achieves better field homogeneity. The switched-mode performance
was also evaluated. Bench measurements and MR experiments largely agreed and indicated
that the switched-mode coil is around 3 dB more efficient in unilateral mode than bilateral
mode. This advantage in power efficiency has the potential to facilitate high-power
applications, such as proton-decoupled second-nuclei applications. In vivo breast imaging in
the bilateral mode demonstrated good bilateral coverage and uniform fat suppression, which
are both required for clinical research studies.
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Fig. 1.
Switchable bilateral quadrature coil closed in a housing (left) and with covers removed
(right) forms.
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Fig. 2.
Possible quadrature B4 field arrangements (a) with the B fields in the same direction. (b)

with the B fields in opposite directions. The arrangement on the left was chosen based on
numerical simulations.
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Fig. 3.
Schematic of switching network for operating mode control of the Helmholtz/saddle pairs.

The same dc signals for switching are routed to the Helmholtz and saddle switching
network.
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Fig. 4.
Coil and phantom model. The shields are not shown for clarity.
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Fig. 5.

Cc?mparison between FCE mode and non-FCE mode. (a) Sq1 of the bilateral coil over a 50
MHz span, good matching was achieved at the coil port for both cases. (b) Normalized field
profiles along the central axis of the left coil at 298 MHz, presented in decibels. In non-FCE
mode the coil exhibits field inhomogeneity even when unloaded due to capacitor tolerances
in the elements, both of which are connected to a common tune capacitor. When operated in
FCE mode, the coil shows much better homogeneity. (c) Normalized Syq over a 50 MHz
span at +1 cm on the central axis of the left coil. When operated in FCE mode, the desired
mode (equal currents) appears at 298 MHz, giving a uniform field plot. When operated in
non-FCE mode, the coil shows a more complex mode structure, and does not provide equal
currents in the coil elements resulting in an inhomogeneous field.
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Fig. 6.
One-dimensional B * profiles across the ROI, along x-direction. The data measured in

modes 1-3 are normalized to a global maximum and plotted together for comparison. When
operated in unilateral mode, the active coil has around 3 dB higher sensitivity than when
operated in bilateral mode. The nonactive coil has much lower sensitivity (9—20 dB lower
than the active coil), which indicates successful detuning.
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Fig. 7.
Coil mode performance as illustrated by phantom and in vivo imaging: (a, top row)

switched-mode coil: bilateral mode. (b) Switched-mode coil: right only mode. (c) Switched-
mode: left only mode. Original in vivo acquisition (coronal) and reconstructed (axial) images
are shown in the middle and right columns, respectively. Symmetric performance is
observed in the bilateral mode, while excellent signal localization is seen in the unilateral
modes.
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Fig. 8.
(@) and (b) In vivo 3-D THRIVE images (first two rows, with and without fat suppression,

respectively) in bilateral mode demonstrate coil performance for varying breast sizes. Good
coverage of both breasts and the chest wall is seen, along with uniform fat suppression
attesting to the transmission homogeneity of the coil. (c) Flip angle maps demonstrate
sufficient homogeneous excitation over the bilateral FOV.
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The results were scaled to 1 W total input power to the coil. 0 dB corresponds to 1.97 p T and 0.99 W/kg in the B1 ™ and SAR maps, respectively.
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TABLE Il

Transmitter (TX) Drive Scale (DS), Transmitter Relative Output Power, and Bench Measurement of the Three
Modes

Mode TX DS TX Relative Output Power  Bench
Bilateral-Mode 1 0.512 0dB 0dB

Left only-Mode 2 0.352 -3.3dB -3.5dB
Right only-Mode 3~ 0.334 -3.7dB -3.2dB
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