Design and characterization of a laterally mounted phased-array transducer

breast-specific MRgHIFU device with integrated 11-channel receiver array
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Purpose: This work presents the design and preliminary evaluation of a new laterally mounted
phased-array MRI-guided high-intensity focused ultrasound (MRgHIFU) system with an integrated
11-channel phased-array radio frequency (RF) coil intended for breast cancer treatment. The design
goals for the system included the ability to treat the majority of tumor locations, to increase the MR
image’s signal-to-noise ratio (SNR) throughout the treatment volume and to provide adequate com-
fort for the patient.

Methods: In order to treat the majority of the breast volume, the device was designed such that the
treated breast is suspended in a 17-cm diameter treatment cylinder. A laterally shooting 1-MHz,
256-element phased-array ultrasound transducer with flexible positioning is mounted outside the
treatment cylinder. This configuration achieves a reduced water volume to minimize RF coil load-
ing effects, to position the coils closer to the breast for increased signal sensitivity, and to reduce
the MR image noise associated with using water as the coupling fluid. This design uses an 11-
channel phased-array RF coil that is placed on the outer surface of the cylinder surrounding the
breast. Mechanical positioning of the transducer and electronic steering of the focal spot enable
placement of the ultrasound focus at arbitrary locations throughout the suspended breast. The treat-
ment platform allows the patient to lie prone in a face-down position. The system was tested for
comfort with 18 normal volunteers and SNR capabilities in one normal volunteer and for heating
accuracy and stability in homogeneous phantom and inhomogeneous ex vivo porcine tissue.
Results: There was a 61% increase in mean relative SNR achieved in a homogeneous phantom
using the 11-channel RF coil when compared to using only a single-loop coil around the chest wall.
The repeatability of the system’s energy delivery in a single location was excellent, with less than
3% variability between repeated temperature measurements at the same location. The execution of
a continuously sonicated, predefined 48-point, 8-min trajectory path resulted in an ablation volume
of 8.17 cm®, with one standard deviation of 0.35 cm® between inhomogeneous ex vivo tissue sam-
ples. Comfort testing resulted in negligible side effects for all volunteers.

Conclusions: The initial results suggest that this new device will potentially be suitable
for MRgHIFU treatment in a wide range of breast sizes and tumor locations. © 2012 American
Association of Physicists in Medicine. [DOI: 10.1118/1.3685576]
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. INTRODUCTION

The treatment of locoregional breast cancer has evolved
from radical mastectomy to targeted local breast conserving
therapy. The next logical step in this evolution is less inva-
sive (nonsurgical) image-guided treatment of tumors. Vari-
ous minimally invasive heating techniques (i.e., radio
frequency ablation,' laser ablation,>* cryoablation,® as
well as noninvasive high-intensity focused ultrasound’ ')
are currently under study in animal and human trials. While
performing any of these procedures under MRI guidance can
provide real-time images to improve procedure accuracy,
magnetic resonance-guided high-intensity focused ultra-
sound (MRgHIFU) is a breast conserving therapy that can
ablate tissue completely noninvasively. MRgHIFU offers
many other advantages, including the avoidance of infections
and scar formation, less required anesthesia, reduced recov-
ery time, minimized normal tissue damage, and reduced sys-
temic effects and costs.’

Several MRgHIFU breast treatment feasibility studies
have been completed. In most of these cas(=,s,8’12’13’17 the
system used requires the patient to lie prone on the
MRgHIFU device and the ultrasound beam is propagated
vertically into the treatment region. These trials have pro-
vided evidence that MRgHIFU of the breast is feasible, but
do not provide sufficient data to assess the effectiveness of
MRgHIFU for treatment of the breast due to inherent lim-
itations in the instrument design. Specifically, Furusawa
et al.'* reported that certain regions in the breast could
not be ablated due to the “sonication prohibition” result-
ing from the ultrasound beam propagating through surgi-
cal scars or dimples in the skin, resulting in a vertical
shift in the focal spot. An additional disadvantage of cur-
rently used vertically propagating systems that compress
the treated breast against a membrane is the lack of opti-
mum MR coils to image the breast since the systems can
only accommodate a horizontal circular coil around the
chest wall.

In order to overcome accessibility obstacles, a few HIFU
systems have used laterally shooting transducers designed
specifically to improve safety and enhance coverage in breast
HIFU. For example, simulations of a breast-specific cylindri-
cal ultrasound phased-array were performed on a breast model
and initial phantom experiments were completed using a
cylindrically mounted single solid transducer that was
mechanically rotated.'®'? The first laterally shooting HIFU
transducer system to be used in malignant tissue on a patient’
was not used beyond the initial feasibility study. A recent
report™® described a laterally shooting 384-element phased-
array transducer for breast MRgHIFU treatments.

In this work, the design and preliminary evaluation of a
laterally mounted phased-array breast-specific MRgHIFU
device is presented that integrates several features intended
to improve the treatment efficacy and safety of MRgHIFU
in the breast. The design allows treatment of a large volume
of the breast, increases signal-to-noise ratio (SNR) through-
out the entire breast volume and provides adequate patient
comfort for a MRgHIFU treatment.
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Il. METHODS
Il.A. Breast system design description

The breast-specific MRgHIFU device presented in this
work is composed of three main components: (1) a laterally
propagating 256-element phased-array transducer mounted on
the treatment cylinder using a custom rotational and pivotal
support, (2) a custom 11-channel radio frequency (RF) coil
array fitted around the treatment cylinder, and (3) a patient
treatment platform that contains the device and supports the
patient while being treated in the scanner. The transducer is
driven by a power generator system designed and constructed
by Image Guided Therapy (Bordeaux, France). The ultra-
sound power generator is designed to operate within the MRI
scanner room and is shielded to eliminate interactions with
the MRI signals. The ultrasound control computer is located
outside the MRI scanner room and the control lines penetrate
the room via optical fibers. The system was specifically
designed for the Siemens 3 T Trio (60-cm bore) for placement
directly onto the existing patient table (49-cm wide) but is
also expected to be compatible with any MRI system with
appropriate table size. Photographs of the system with the
patient platform in place and removed are shown in Fig. 1. A
1-in. thick memory foam pad is placed over the patient plat-
form and additional wedge-shaped cushions are used to posi-
tion the patient in the device.

The patient lies prone on the device with the treated breast
suspended in a 17-cm diameter treatment cylinder with the
transducer mounted outside the main cylinder volume
(Fig. 1). The contralateral untreated breast lies moderately
compressed against contoured pads. The system is symmetric,
allowing either breast to be treated individually. A window is
cut out of the side of the treatment cylinder providing an
acoustic window for the propagating ultrasound beam. The
treatment cylinder is positioned underneath the patient plat-
form on a pivotal support, allowing the cylinder to be

(b)

FiG. 1. Breast-specific MRgHIFU system shown (a) with the patient plat-
form removed and (b) with the patient platform in place. The contoured
body pads are not shown.
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fiberglass disk

FiG. 2. Sagittal MRI images of a normal volunteer with the breast (a) sus-
pended freely in the water-filled treatment cylinder and (b) with mild vertical
tension applied. The patient is positioned head first, prone in the bore. Head
(H) and foot (F) orientations are labeled in (a). Images were obtained using
the 11-channel integrated RF coil array. The field of view is 183 x 183 mm.

positioned under the patient to accommodate variations in
patient’s anatomy.

A breast-tensioning device is incorporated into the tank to
counteract the buoyancy effects that occur when the breast is
suspended in the degassed water inside the cylinder. A fiber-
glass disk is placed over the nipple of the treated breast,
secured with double-sided adhesive strips. A nylon cord is
secured to the disk and mild tension is applied to the breast af-
ter the patient is positioned on the device. Figure 2 shows
example MRI images of a breast from a normal volunteer in
the treatment cylinder with and without tension applied.

II.B. Phased-array transducer and positioner

The system was designed to have electronic focal zone
steering capabilities of approximately 1.5cm in all direc-
tions>' in order to treat a 3-cm diameter spherical lesion with-
out having to mechanically move the transducer. Using lesion
size as the metric, this would allow the treatment of approxi-

(a) 145: (right breast), (b)
152° (left breast)

RF coils

treatment
cylinder
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mately two-thirds of lesions in a study that was comprised of
more than 24 000 breast cancer cases,22 assuming that the
geometric focus of the system is centered in the tumor. To
meet this steering criterion, a phased-array transducer operat-
ing at 1 MHz was designed and constructed (Imasonic, Besan-
¢on, France). The transducer has 256, 4-mm diameter
elements that are randomly positioned*=* over a section of a
10-cm radius sphere that is bounded by an aperture of
14.4 x 9.8 cm. The maximum power density available (based
on the manufacturer’s recommendation) is 2 W/em?>.

The transducer is mounted laterally to the treatment cylin-
der, as shown in Fig. 3(a). This transducer-cylinder assembly
has three degrees of freedom. The entire assembly can be
rotated 145° around the treated right breast and 152° around
the treated left breast (the asymmetry is due to limitations of
cable flexibility). The transducer is able to rotate further
around its geometric focus by = 7.5°. The transducer can be
tilted in the plane perpendicular to the MR table (in the
anterior—posterior direction) by *22° around a nominal axis
oriented at 17° with respect to the horizontal. Finally, the
transducer can be moved 5.7 cm total along the slot guide, to-
ward and away from central axis of the cylinder. The focal
spot can be placed at the midpoint of the treatment cylinder’s
axis by tilting the transducer down 15° from the 17° nominal
axis and retracting the transducer 0.6-cm out of the treatment
cylinder. The entire volume that can be treated within the cyl-
inder when including the electronic steering capabilities of the
transducer is shown in Figs. 3(b) and 3(c). A schematic of a
normal volunteer’s breast (12-cm length, 15.6-cm diameter) is
shown in Fig. 3(b). All mechanical manipulation of the trans-
ducer position is performed manually. Several registration
marks and metrics are located on the treatment cylinder and
patient platform to ensure repeatable placement of the trans-
ducer. The transducer is coupled to the cylinder using a plastic
bellows, as seen in Fig. 3. Deionized, degassed water is used

17 cm

bellows

FiG. 3. (a) SolidWorks rendering of the transducer-cylinder assembly. The custom 11-channel RF coil array and associated pre-amplifiers are shown attached
to the cylinder. The entire assembly can be rotated approximately 150° in a plane parallel to the scanner table. The transducer can be tilted an additional
+7.5° in the same plane and +22° in the vertical plane around a nominal 17° tilt axis. (b) Side and (c) top views of the treatment volume (TV) within the cyl-
inder that is possible using the limits imposed by the 60-cm diameter bore of the Siemens 3 T Trio MRI scanner. This volume includes the electronic steering
capabilities of the transducer. A model of the breast shown in Fig. 10 is seen in Fig. 3(b).

Medical Physics, Vol. 39, No. 3, March 2012
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FiG. 4. Custom 11-channel RF-coil array removed from treatment cylinder
assembly. Key coil components are identified.

as the ultrasound coupling fluid between the ultrasound trans-
ducer and breast. The volume of the cylinder is 3.25 L.

II.C. RF-coil array

Generally, the MRI RF-coil design for monitoring breast
MRgHIFU treatments has been a single loop placed around
the breast at the chest wall.*%!7 This single-loop design has
some advantages since the single large coil provides a rea-
sonably homogeneous signal profile, the coil placement does
not interfere with the ultrasound beam propagation, and the
coil is easily incorporated into the MRgHIFU device design.
However, drawbacks to the single-loop coil design include
its low SNR and the large inductance of the large coil size
that causes frequency instability due to the decreased capaci-
tance required to make the loop resonant. In addition, the
deionized water that is used as the coupling fluid increases
the capacitance of the system causing the frequency at which
the coil resonates to be decreased, which requires the reduc-
tion of the capacitance necessary to resonate the coil at the
frequency of 123 MHz. This resonance requirement for
smaller capacitance therefore makes the loop more sensitive
to variations in coil loading due to variations in patient size.

To improve image quality, our design incorporates an
integrated 11-channel RF receiver coil that surrounds the
treatment cylinder assembly,> as shown in Fig. 4. There are
ten channels in a ladder-type configuration’®?’ that is
wrapped from one edge of the treatment cylinder window
around the cylinder to the other edge of the window. The ten
elements are augmented by a 16.5-cm diameter single loop
placed at the chest wall. This custom coil design was simu-
lated and evaluated for a 3 T environment using Biot-Savart
calculations implemented in MATLAB (Mathworks, Inc.). Sim-
ulations®® were performed comparing the 11-channel coil
performance with that of the single loop at the chest wall.
Simulations were also performed to determine the effect of
treatment cylinder radius on SNR at the center of the treat-
ment cylinder. The SNR for eight different tank sizes was
simulated using Biot-Savart calculations and corresponding
coil and sample noise estimates. For each tank size, the num-
ber of coils spanning the circumference of the tank was held
constant. Therefore, as the tank diameter increased, the size
of the coils around the tank also increased. Experimentally, a
comparison of the integrated 11-channel RF coil and
16.5-cm single-loop coil configurations was performed in a
homogeneous phantom. Additionally, the repeatability of the
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temperature measurements for both configurations was eval-
uated in a nonheating test in a normal volunteer.

II.D. Experimental evaluation

All components of the system were designed to be MR
compatible. There was no apparent image degradation due to
the transducer or power generator system. SNR measure-
ments were made while the power generator was off, when
the power generator was on without supplying power to the
transducer and when the transducer was active. In addition,
the system was tested on both phantoms and ex vivo tissue
samples before any human scans were performed. All com-
ponents were found to be MRI compatible.

Testing was conducted on six normal volunteers to deter-
mine the length the breast was elongated during tensioning.
In addition, the breast system design was evaluated for com-
fort inside a Siemens 3 T Trio MRI by 18 normal volunteers
(15 female and 3 male). No medication was administered to
the volunteers for these tests. Each volunteer spent approxi-
mately 60 min on the device, with a maximum of 120 min.
The volunteers provided feedback regarding their comfort
level every 15 min. All human testing was approved by the
University of Utah’s Internal Review Board.

The breast-specific MRgHIFU system was experimentally
evaluated using both a homogenous phantom (ATS Labora-
tories, Bridgeport, CT, USA) and an inhomogeneous ex vivo
porcine muscle tissue model. This model was composed of
heterogeneous ex vivo porcine muscle that was placed in a
breast-shaped mold. The mold was custom made by coating
a positive breast-shaped plaster mold with several coats of

~\Vy

N
Gy o

! 3 \
~porcine |

W
muscle

transducer

Fic. 5. Sagittal MRI image of experimental setup for the ex vivo porcine
muscle model experiments. The transducer, water-filled cylinder and breast-
shaped muscle sample are all seen. The 3D segmented EPI volume (parallel
to the ultrasound beam propagation at an angle of 38° with respect to the
horizontal) is indicated by the rectangle. The tilted X, y, z coordinate system
used in all subsequent results has its origin at the geometric focus (G) of the
transducer, as shown.
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Plasti Dip (Blaine, MN, USA), a thin rubberized coating. For
the homogeneous phantom experiments, sonications pulses
of 42 acoustic watts (measured at the transducer face) for
30s were applied at the geometric focus and also steered
+1.5cm in all directions.

For the heterogeneous ex vivo tissue model, experimental
parameters were chosen to achieve an approximate tempera-
ture rise of 20°C at the geometric focus. The experimental
setup is shown in Fig. 5. In order to determine repeatability,
five sonications were performed at the geometric focus in a
single tissue model at 50 acoustic watts for 30s. In addi-
tional heterogeneous ex vivo tissue models, single step inputs
of ultrasound were applied at 70 acoustic watts (measured at
the transducer face) for 30s with the focal zone located at
the transducer’s geometric focus. Six additional sonications
were executed with the beam steered away from the geomet-
ric focus = 1.5cm in each of the three coordinate axes. The
tissue model was allowed to cool 10 min between all sonica-
tions. In addition to the individual sonication points, a vol-
ume was ablated using continuous sonication by executing
the following path: Three planes were targeted, spaced 1 cm
apart. In each plane, a 4 x 4 grid of sonication points with
2-mm spacing was treated for a total of 48 points. The spac-
ing was selected based on the size of the focal spot (approxi-
mately 2 x 10mm FWHM). The planes were treated back
(furthest from the transducer face) to front and each point
was sonicated for 10 s with 70 acoustic watts for a total soni-
cation time of 8 min. The beam was electronically steered
between all points. This experimental series was repeated in
five different porcine muscle samples.

Finally, to gain an estimate of the repeatability of poten-
tial temperature measurements without heating present, one
human volunteer was scanned with a 60-s duration of the
temperature measurement sequence in the device with no ul-
trasonic power applied.

For all experiments, temperature measurements were
acquired using the proton resonance frequency method?-*
using the standard Siemens 3D segmented EPI sequence?
with 128 x 256 x 64mm FOV, 64 x 128 x 32 matrix,
resulting in 2 X 2 x 2mm isotropic voxels. Other imaging
parameters include TR/TE (ms): 23/12, FA: 25°, EPI
factor =9, echo spacing: 1.57 ms, bandwidth: 730 Hz/pixel,
fat saturation used, frequency encode direction along the z-
axis shown in Fig. 5, temporal resolution of 4.9 s per image
volume. The reconstruction took into account noise var-
iance by weighting each coil by the inverse of the noise var-
iance. All images were postprocessed using zero-filled
interpolation, resulting in 1-mm isotropic voxel spacing.*>
A temperature sensitivity coefficient of —0.01 ppm/°C was
used in all calculations. For all heating experiments, ultra-
sound sonication was initiated after the acquisition of a
small number of baseline volumes and synchronized with
the start of a volume acquisition.

lll. RESULTS

As expected, the loss in SNR was very small when the
generator was on and the transducer was firing and an even
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F1G. 6. Maximum temperature rise in a homogeneous phantom at four dif-
ferent locations (geometric focus and steered +15mm in each coordinate
direction) using 42 acoustic watts for 30s. Three separate measurements
were taken at each location. The error bars represent one standard deviation.

smaller loss in SNR was seen when the generator was on but
the transducer was not firing. SNR measurements showed
only a 1.9% drop in SNR when the power generator was on
with the transducer not firing and a 2.5% drop when the
transducer was firing.

The results of the comfort testing by the 18 normal volun-
teers were generally positive. The experience of each individ-
ual varied, but all participants tolerated the device with
negligible side effects. Minor complaints included slight
shoulder and/or arm pain and neck stiffness. Most volunteers
(13 females and 3 males) found lying face down (massage ta-
ble-style) the most comfortable position; however, two
females preferred to have their head to the side. For both of
these positions, the height of the headrest was critical to the
volunteer’s comfort, so several settings were attempted before
the final position was achieved. The tensioning tests showed
that the breast could be elongated with no noticeable discom-
fort to the patient an average of 7mm (std. dev. =5 mm).

Figure 6 shows the mean maximum temperature rise and
accompanying standard deviation (N =3) in the homogene-
ous phantom with the beam focused at the geometric focus
and steered off-axis +15 mm in all three directions individu-
ally. The error bars represent one standard deviation, ranging
from 0.01 to 0.43 °C. The mean temperature response of sev-
eral sonication pulses (N =5) applied to the same location at
the geometric focus in one of the heterogeneous ex vivo tis-
sue samples is shown in Fig. 7(a). The standard deviation
ranged from 0.14 to 0.62 °C. Less than 3% variability is seen
in the temperature measurements at the same location for
repeated sonications in the same tissue sample with the max-
imum temperature rise occurring at the same position in the
sample. The starting temperature of the heterogeneous ex
vivo tissue sample for each of these measurements was
22°C; therefore, the absolute maximum temperature rise
was approximately 47°C and no significant thermal dose
was accumulated in the heterogeneous ex vivo tissue model
during repeated experiments.
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FiG. 7. (a) Maximum temperature rise at the geometric focus in one ex vivo porcine tissue sample when the ultrasound beam was unsteered using 50 acoustic
watts for 30 s. Five separate measurements were taken. The error bars represent one standard deviation. (b)—(d) Mean temperature rise at the hottest voxel in
five different porcine muscle samples when the beam was focused at the geometric focus and steered 15 mm in each coordinate direction using 70 acoustic
watts. The steered distance is represented as (Ay,Ax,Az). The error bars in all plots represent the standard deviation. Mean temperature with beam steered at
(b) geometric focus, (0,0,15) and (0,0,—15); (c) geometric focus (with error bars removed), (0,15,0), (0,—15,0); (d) geometric focus, (15,0,0), (—15,0,0).
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FiG. 8. Views of the volume of tissue that received at least 240 CEM43 °C after the execution of the predefined path, as shown in the (a) y-z at x =0, (b) x-y
atz=0, and (c) x-z at y =0 planes for one of the porcine tissue samples. The coordinate system orientation is defined in Fig. 5. The thermal dose accumulated
is overlaid on the magnitude image. The scale is the same for all images. The total volume that received at least 240 CEM43 °C after 8 min of heating in this

particular tissue was 7.9 cm®. The transducer is located at the top of images (a) and (c) and into the page for image (b). The blue dots represent the locations of
each sonication path point.
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Fi6. 9. Normalized SNR for the 11-channel RF-coil array (ten-channel lad-
der coil plus the single-loop chest coil), simulated at the center of the treat-
ment cylinder as a function of cylinder radius. The radius of the RF-coil
mounted around the treatment cylinder shown in Fig. 1 is 95 mm, as indi-
cated by the arrow.

Figures 7(b)-7(d) displays the mean temperature response
for each of five porcine muscle samples when the beam was
focused at the geometric focus and steered away from the
geometric focus by =1.5cm in each of the three Cartesian
directions (coordinate system shown in Fig. 5). The data cor-
responding to steering in the z-direction are shown in
Fig. 7(b) and in the x-direction and y-direction are shown in
Figs. 7(c) and 7(d), respectively. The ratio of maximum tem-
perature achieved at each of the steered positions to the max-
imum temperature reached at the geometric focus ranged
from 0.61 when steered in the negative x-direction to 0.88
when steered in the positive z-direction.

An example of the ablated volume in one porcine muscle
sample after executing the predefined path, as described in
Sec. II, is shown in Fig. 8. The origin in the figures denotes
the geometric focus of the transducer. When assuming the
starting temperature of the tissue sample was 37 °C, the total
volume that received a minimum thermal dose of 240

0
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CEM43°C was 7.9 cm’ in this particular example. The
mean of the total volume that received at least 240
CEM43 °C during the ablation period for all five tissue sam-
ples was 8.17 cm? (standard deviation of 0.35 cm3).

Figure 9 shows the SNR (normalized to the single-loop
coil configuration) for the 11-channel RF-coil system as
simulated at the center of the treatment cylinder as a function
of cylinder radius. The normalized SNR for the single-loop
chest coil and ten-channel ladder coil array are also shown.
The radius of the device described in this paper is 85 mm,
resulting in a RF-coil radius of 95 mm, one of the simulated
sizes. Experimentally, in a homogeneous phantom, it was
found that the mean relative SNR for the 11-channel RF-coil
array was 61% greater than the relative SNR seen with just
the single-loop coil. An example of the performance of the
11-channel array compared to a single loop at the chest wall
is shown in Fig. 10 for a normal volunteer. The precision of
the temperature measurements achieved using the 11-
channel array compared to a single-loop coil can be gauged
by the standard deviation of temperature measurements
taken during a 60-s period with no ultrasound heating. When
using the 11-channel RF-coil array, there was a 62% increase
in temperature accuracy in the voxels containing aqueous tis-
sue when compared to the accuracy achieved with the
single-loop coil alone.

IV. DISCUSSION

The breast-specific MRgHIFU device presented here has
several features designed to enable clinicians to perform safe
and effective treatments in a wide variety of breast cancer
cases. To maximize the likelihood of successful treatments,
the device was designed for comfort, flexibility in treatment
steering, and improved temperature accuracy and repeatabil-
ity for improved treatment control. The device was specifi-
cally designed to reduce the water volume required to couple
the ultrasound from the transducer to the breast and still
allow the ultrasound beam focus to be positioned such that
the majority of breast lesions could be treated. It should be
noted that this device is not able to treat any lesions in the
axilla since the available treatment volume only includes tis-
sue suspended in the treatment cylinder.

5C

0

Fic. 10. Standard deviation of temperature measurements in the breast of a normal volunteer during a 60-s nonheating test. The temperature variation is shown
in the water-based tissues only. (a) Variation seen using a single-loop RF coil around the chest wall. (b) Variation seen using the entire 11-channel RF-coil

array.
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Patient comfort is always a difficult problem for pro-
longed time periods, particularly inside an MRI where move-
ment is limited and discouraged during treatments. Previous
treatment times in the literature for breast MRgHIFU range
from 45 min for small lesions (1 cm) to 150 min for larger
lesions (>3 cm).®!'? The actual time spent in the magnet will
be longer when positioning, registration and preimaging and
postimaging time is added to the ablation times reported
above. Therefore, significant efforts were spent in maximiz-
ing the comfort of the breast MRgHIFU device as this could
be a limiting factor in future clinical tests.

The treatment cylinder (Fig. 3) isolates the breast that will
be treated by removing all critical tissues including the nipple,
ribs and lungs from the ultrasound propagation path, and
allows the ultrasound focal point to treat 50% of the entire
treatment cylinder volume. The transducer is located outside
the cylinder and is able to move 5.7 cm away and toward the
breast [as seen in Fig. 3(b)] to adjust to differing breast sizes
and tumor locations. The treatment cylinder also allows the
transducer to be rotated in two planes (Fig. 3). This additional
flexibility will enable the treatment of tumors closer to the
chest wall. Additionally, the angle of ultrasound beam propa-
gation [the 17° angle shown in Fig. 3(b)] is made as small as
possible by elongation of the treated breast through use of the
tensioning device seen in Fig. 2. While tilting the transducer
at the most extreme angles toward vertical will place the chest
wall partially in the far-field region of the ultrasound beam,
this is still a significant improvement when compared to devi-
ces that propagate the ultrasound beam vertically from below
the breast. During ablation, while some heating and subse-
quent ablation does occur in the near field of the ultrasound
beam due to absorption and the electronic steering of the
beam,”” there is minimal thermal dose that accumulates in the
far field of the beam, as seen in Fig. 8.

The use of the 17-cm cylinder reduces the water volume
and thereby reduces image noise. Further, the cylinder radius
is sufficiently small that RF receiver coils placed on the cylin-
der can be used to increase the image SNR over that of the
chest loop alone. Because the transducer is positioned in a
window that passes into the cylinder, the RF-coil array can
only occupy about 75% of the cylinder circumference. How-
ever, that is sufficient for placement of a ten-channel RF-coil
array directly on the surface of the treatment cylinder without
blocking the ultrasound acoustic window. Figure 10 shows
the significant increase in temperature accuracy that is achiev-
able with this coil when combined with a single-loop chest
coil. While tissue near the chest wall, and hence, near the
single-loop chest coil, may have adequate SNR for tempera-
ture measurements, larger breasts will be more difficult to
monitor accurately without the addition of the other ten chan-
nels. This feature will improve both the efficacy and safety of
MRgHIFU breast treatments. In addition, phased-array RF
coils allow for the possibility for parallel imaging to monitor
MRgHIFU treatments.”> Other groups® have investigated
using immersed, thin RF coils to increase sensitivity during
MRgHIFU treatments. The incorporation of immersed coils
in front of the transducer may further increase SNR in the
breast, particularly in the near field of the ultrasound beam.
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The results shown in Figs. 7 and 8(a) demonstrate the
repeatability of the breast system. The standard deviation of
the temperature measurement was small for both the homo-
geneous phantom (¢ =0.01—0.43 °C) and inhomogeneous ex
vivo tissue model (6=0.14—0.62°C) between repeated
ultrasound sonications in the same location in a single
sample. The intertissue sample measurements, as seen in
Figs. 7(b)-7(d) did have more variability in the temperature
measurements as well as in the volume of tissue ablated
using the predefined path described in Sec. II. This increased
variability over that observed in repeated heating of a single
sample [Fig. 7(a)] is probably due to differences in the tissue
samples, corresponding to patient-to-patient variations that
will be present in clinical treatments. The percentage of fat
present in each tissue preparation varied from sample to sam-
ple, and published tissue property values vary significantly
for muscular tissue, with attenuation coefficients ranging
from 0.055 to 0.12 Np/cm at 1 MHz.* Simulations of heating
the segmented tissue model for 30s at 70 acoustic watts
show that the resulting temperature rise from the same sam-
ple using two different attenuation values for muscle (0.05
and 0.12Np/cm) at the geometric focus of the transducer
results in a 6.3 °C difference. Therefore, the larger variability
in these measurements is most likely due to intertissue vari-
ability instead of system variation.

Along with the many advantages of this breast MRgHIFU
system, there are a few notable limitations. This system was
designed to sit on top of the existing MRI patient table. The
total height of the system is 17 cm, and this limits the size of
patient that can be treated in a 60-cm bore MRI system. Even
with relatively slender patients, the fit is quite snug in the
MRI bore and can exacerbate any claustrophobic reaction
patients may experience. This was not the case with the 18
volunteers that participated in the device testing, but would
most likely be somewhat problematic in a larger population.
This size limitation will be greatly reduced when the device is
used in the newer generation of 70-cm bore MRI scanners.
Further, in the current device design, the transducer must be
manipulated manually. This design did not incorporate any
motors to allow remote control of the transducer position.
Thus, without manual repositioning, this limits the treatment
volume to about 3 cm in diameter with electronic steering. If
multiple tumors are to be targeted, the transducer must be
moved manually. The design of the patient support platform
does allow the operator to reposition the transducer for a new
treatment location without removing the patient from the de-
vice, but the requirement of new localizer scans and the need
to make repeated adjustments may potentially lengthen the
total treatment time beyond a reasonable limit. The future
addition of a motor driven transducer positioning system
should partially alleviate this problem.

V. CONCLUSIONS

The overall design and characterization of a new breast-
specific MRgHIFU system have been presented. This design
incorporates many features that will enable safer and more
efficacious treatments of breast tumors with focused
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ultrasound. Key design improvements include a laterally
shooting phased-array transducer, a treatment cylinder that
isolates the treated breast in reduced water volume, and an
integrated 11-channel RF receiver coil that provides
increased SNR resulting in faster, more accurate temperature
measurements. This design will potentially allow the treat-
ment of a wider population of breast tumors.
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