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Abstract

Background: During magnetic resonance-guided focused ultrasound (MRg-
FUS) surgery for uterine fibroids, ablation of fibrous tissues in proximity to the
hips and spine is challenging due to heating within the bone that can cause
patients to experience pain and potentially damage nerves. This far-field bone
heating limits the volume of fibroid tissue that is treatable via MRgFUS.
Purpose: To investigate transducer module apodization for improving the ratio
of focal-to-bone heating (AT,4t,) When targeting fibroid tissue close to the hips
and spine, to enable MRgFUS treatments closer to the bone.

Methods: Acoustic and thermal simulations were performed using 3D magnetic
resonance imaging (MRI)-derived anatomies of ten patients who under-
went MRgFUS ablation for uterine fibroids using a low-frequency (0.5 MHz)
6144-element flat fully-populated modular phased array system (Arrayus Tech-
nologies Inc.,Burlington, Canada) at our institution as part of a larger clinical trial
(NCT03323905). Transducer modules (64 elements per module) whose beams
intersected with no-pass zones delineated within the field were identified, their
output power levels were reduced by varying blocking percentage levels, and
the resulting temperature field distributions were evaluated across multiple son-
ications near the hip and spine bones in each patient. Acoustic and thermal
simulations took approximately 20 min (7 min) and 1 min (30 s) to run for a
single near-spine (near-hip) target, respectively.

Results: For all simulated sonications, transducer module blocking improved
AT,aio compared to the no blocking case. In just over half of sonications,
full module blocking maximized AT, (increase of 82% + 38% in 50%
of hip targets and 49% + 30% in 62% of spine targets vs. no blocking;
mean + SD), at the cost of more diffuse focusing (focal heating volumes

increased by 13% + 13% for hip targets and 39% + 27% for spine targets)
and thus requiring elevated total (hip: 6% + 17%, spine: 37% + 17%) and
peak module-wise (hip: 65% + 36%, spine: 101% + 56%) acoustic power lev-
els to achieve equivalent focal heating as the no blocking control case. In
the remaining sonications, partial module blocking provided further improve-
ments in both AT .4, (increased by 29% + 25% in the hip and 15% + 12% in
the spine) and focal heating volume (decrease of 20% + 10% in the hip and
34% + 17% in the spine) relative to the full blocking case. The optimal blocking
percentage value was dependent on the specific patient geometry and target
location of interest. Although not all individual target locations saw the benefit,
element-wise phase aberration corrections improved the average AT, cOM-
pared to the no correction case (increase of 52% + 47% in the hip, 35% + 24%
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in the spine) and impacted the optimal blocking percentage value. Trans-
ducer module blocking enabled ablative treatments to be carried out closer
to both hip and spine without overheating or damaging the bone (no block-
ing: 42 + 1 mm/17 £ 2 mm, full blocking: 38 £ 1 mm/8 + 1 mm, optimal partial
blocking: 36 + 1 mm/7 + 1 mm for hip/spine).

Conclusion: The proposed transducer apodization scheme shows promise for
improving MRgFUS treatments of uterine fibroids, and may ultimately increase
the effective treatment envelope of MRgFUS surgery in the body by enabling
tissue ablation closer to bony structures.

KEYWORDS
image guided therapy, MRgFUS, numerical simulations, phased arrays, treatment planning, uterine

fibroids

1 | INTRODUCTION

Uterine fibroids,' also known as myomas or leiomy-
omas, are benign tumors or neoplasms of the uterus
that account for substantial health care costs worldwide
(e.g., estimated total cost of $5.9—$34.4 billion annually
in the United States of America?). Fibroids are com-
mon and have been reported to occur in over 70% of
females, with clinical symptoms reported in 25%—-50%
of women, and can cause symptoms so debilitating
that surgical removal of the tumor(s) is necessary.
Existing treatment options for symptomatic fibroids
include invasive surgical procedures (e.g., hysterec-
tomies or myomectomies), hormone-based medical
treatment, as well as minimally invasive and nonin-
vasive techniques for women who wish to preserve
their fertility (e.g., uterine artery embolization or focused
ultrasound (FUS) surgery). FUS surgery, which can be
performed under ultrasound® or magnetic resonance
(MR)* imaging guidance, is a noninvasive ablative ther-
apy that harnesses acoustic energy directed through
the abdominal wall to elevate local temperatures and
induce thermal coagulative necrosis within targeted
fibroid regions, while leaving surrounding tissue(s) unaf-
fected. MR-guided FUS (MRgFUS) procedures provide
superior image guidance, allowing for precise tar-
geting, online monitoring via MR-thermography, and
posttreatment evaluation of the ultrasound-mediated
bioeffects.®

Existing commercial MRgFUS devices for the
treatment of uterine fibroids include single-element
transducers® as well as multielement phased array
systems*’8 Phased arrays offer several advantages
for MRgFUS therapy compared to single-element
transducers, including the ability to rapidly scan the
focal spot, compensate for beam aberrations, and
tailor the acoustic energy distribution for a given
therapeutic application? Both the ExAblate Body
(InSightec Inc., Tirat Carmel, Israel)* and Sonalleve
(Profound Medical Inc., Mississauga, Canada)® MRg-
FUS devices operate at frequencies near 1 MHz and

employ spherically-curved phased arrays with rela-
tively large array elements. The use of large elements
combined with spherically-focused apertures results
in limited electronic steering capabilities, such that
mechanical translation and/or rotation of the transducer
is required to perform large volume treatments with
these applicators. A more recently developed MRgFUS
device (Arrayus Technologies Inc., Burlington, Canada)
operates at a lower frequency of 0.5 MHz'%~'2 and con-
sists of a flat fully-populated modular phased array that
is designed for large volume tissue ablation without the
need for mechanical repositioning of the transducer.”
Promising clinical results have been obtained treat-
ing women with uterine fibroids with these MRgFUS
systems.”13-16

Because bone has a much higher propensity to
absorb acoustic energy than soft-tissues, under certain
conditions substantial temperature elevations can be
generated at bone interfaces.'’ 2! A rare complication
that has been documented following FUS treatments
of uterine fibroids is damage to nerves located near
regions of bone heating beyond the focal point (e.g.,
hips with lateral targets, spine with deep targets).'®2?
Since temperature-induced pain thresholds are consid-
erably lower than those for irreversible thermal damage,
clinically-approved fibroid systems provide patients with
a button to stop sonications with the onset of pain
to protect against such far-field damage. Although this
is encouraging from a safety perspective, these far-
field bone heating effects ultimately limit the volume of
fibroid tissue that is treatable via MRgFUS. Efforts to
minimize unwanted bone heating with high-frequency
spherically-curved phased arrays include ensuring a
sufficient stand-off distance between the fibroid target
and the closest bone surface (e.g.,4 cm for the ExAblate
Body?? and Sonalleve?® devices), mechanical tilting of
the MRgFUS transducer to minimize the beam’s interac-
tion with bone in the far field, and rectal filling to displace
the fibroid from the bone?* These unwanted heating
effects can be further pronounced with lower operating
frequencies, since more energy is deposited in the far
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field, such that larger bone stand-off distances may be
required.”-!’

A major benefit of phased array transducers is
their ability to tailor the beam geometry and direc-
tion electronically to provide optimal energy deposition
patterns for specific treatment scenarios? Indeed, the
capability of performing electronic beam shaping to
minimize acoustic energy deposition within sensitive tis-
sue regions has been integrated into several clinical
MRgFUS phased array systems.2>27 In its most basic
form, beam shaping can be accomplished by deacti-
vating individual transducer elements that contribute to
acoustic deposition within no-pass zones in the field
delineated in software by the MRgFUS system operator.
In the context of MRgFUS treatments of uterine fibroids,
these no-pass zones commonly include scar tissue or
bowel regions within the near-field 2°2¢ Electronic beam
shaping has also been investigated for reducing near-
field temperature elevations within bone during preclini-
cal MRgFUS treatments, including trans-costal applica-
tions (e.g., liver treatments) to minimize rib heating.28-33
Similar approaches may help minimize far-field bone
heating in the hips and spine during uterine fibroid
treatments.

In this study, we investigate phased array transducer
apodization strategies in silico for reducing far-field bone
heating during trans-abdominal MRgFUS. Acoustic and
thermal simulations were performed using MRI-derived
anatomies of ten patients who underwent MRgFUS
ablation for uterine fibroids using a low-frequency flat
fully-populated modular phased array system. Array
elements within transducer modules whose beams
intersected with no-pass zones were identified, their
output power levels were reduced by varying block-
ing percentage levels, and the resulting temperature
field distributions were evaluated across multiple sim-
ulated sonications with varying stand-off distances
from hip and spine bones. Simulations were carried
out both with and without phase aberration correc-
tions incorporated in the array element driving signals
to compensate for soft-tissue field distortions. Optimal
blocking percentage levels, defined as the value that
maximized the focal-to-bone heating ratio, were identi-
fied for each sonication. Finally, we estimate how close
to bone ablative sonications may be feasible using
this MRgFUS device with various blocking percentage
levels.

2 | METHODS

2.1 | Transducer design

The ultrasound device simulated in this study is a flat
fully-populated modular MRgFUS phased array system
designed for abdominal applications (Arrayus Tech-
nologies Inc., Burlington, Canada). The phased array

consists of square 1.35 mm x 1.35 mm transducer ele-
ments grouped into 8 x 8 square modules’ '3 with a
half-wavelength (1.5 mm) inter-element spacing at the
driving frequency (frequency = 518 kHz, lateral vibration
mode?®®). The patients investigated in this study were
treated using a 170 mm-diameter, 6144-element (96-
module) array constructed in-house (Figure 1a). The
transducer array’s design is based on prior simulation
work that investigated large-aperture, flat, densely-
populated phased arrays and their ability to treat large
tissue volumes to complete fibroid patient treatments
without needing to reposition the device.'®~'? At a tar-
get depth of 60 mm, the on-axis focal beam width and
depth of field (intensity full-width at half-maxima) of this
device were assessed via hydrophone measurements
(HNP-0400, Onda Corporation, Sunnyvale, CA, USA) to
be 1.9 mm and 7.0 mm, respectively, consistent with
numerical simulations.'’ The phased array is housed in
a reservoir that nominally extends 5 mm in front of its
active surface within which chilled degassed water is cir-
culated to cool the transducer head. A degassed water
pad, with diluted/degassed ultrasound gel on top, pro-
vides acoustic coupling between the reservoir and the
patient (Figure 1b).

2.2 | Anatomical model

MRI datasets from ten patients who underwent MRg-
FUS for the treatment of uterine fibroids at Sunnybrook
Research Institute (Toronto, ON, Canada) between
December 2019 and August 2021 as part of a larger
clinical trial (NCT03323905) were anonymized for use
within this study. Pretreatment sagittal T2-weighted
(3D SPACE turbo spin echo; repetition time: 2000 ms,
echo time: 81 ms, slice thickness: 2 mm) abdominal
scans acquired on a 3T MRI scanner (MAGNETOM
Prisma, Siemens Healthcare, Erlangen, Germany) were
segmented manually to delineate boundaries between
the acoustic coupling pad, skin, fat, muscle, fibroid,
bowel, spine,and hip regions, as illustrated in (Figure 1b).
Because poor MR image quality close to the ultrasound
transducer array precluded accurate skin layer segmen-
tation, this layer was generated synthetically in each
patient with a constant 2 mm offset distance from the
corresponding fat-muscle layer. Foley catheters located
within the bladder region were segmented when present.
Tissue boundaries were exported in XML format using
the MIPAV software suite,® and triangulated meshes
of the various tissue boundary layers were generated
using the isosurface function in MATLAB (R2018b,
Mathworks, Natick, MA). All tissue layer meshes were
created with element surface areas less than or equal to
(1/6)?, where 1 is the acoustic wavelength in water. The
resulting meshes were smoothed®® to mitigate discon-
tinuities arising from the manual segmentation process.
The sound speed values assigned to the chilled water
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(a) Top-down view of the phased array, which comprises 96 square-shaped 64-element modules (6144 elements total). (b)

Example sagittal (left) and coronal (right) T2-weighted MR images from patient #1, illustrating contoured tissue regions. (c) 3D simulation model
generated from segmentation masks across all MRI slices, with different tissue layers colour-coded (consistent with colours in [b]). Transducer
module beam visualisation for an example sonication is shown to illustrate the module blocking algorithm; modules whose beams intersect with
the no-pass bowel region (cyan) are shown in red, whereas nonintersecting modules are shown in green. L = left, P = posterior, S = superior.

reservoir (10 °C, sound speed = 1447 m/s) and water
pad (24 °C, sound speed = 1492 m/s) regions were
temperature-dependent*' The 3D model domain for a
representative patient is illustrated in (Figure 1c). The
acoustic and thermal parameters of different media in
our simulation model are provided in Table 1.

2.3 | Simulation model

A multilayered ray acoustics model was used to sim-
ulate trans-abdominal ultrasound propagation. In this
model, developed originally by Fan and Hynynen?’-%8
transmission and reflection at boundaries separat-
ing two media with different acoustical properties
are approximated using the boundary conditions for

plane waves obliquely incident upon a planar interface.
Shear mode conversion was incorporated at fluid-
solid (i.e., soft tissue-bone) interfaces,>®% resulting in
the propagation of both longitudinal and shear wave
components within the bone. Pennes’ bioheat transfer
equation was employed to model ultrasound-induced
heating effects at the focus and in near-bone regions 52
These models have been validated in multiple stud-
ies comparing simulated predictions to experimental
measurements.,'2:58.63-65

2.3.1 | Acoustic model

Starting at the transducer surface, longitudinal particle
velocities were propagated from a source layer to a

85U8017 SUOWILLOD BAE81D 3|cfed!|dde ayy Aq pausenob 8. seoiie O ‘88N Jo Sa|nu o} Akeld 18Ul U0 8|1 UO (SUORIPUOD-pUe-SLUIB)LI0D" A3 1M Aeiq U1 UO//:SANY) SUOIIPUOD PUe SWB | 8U188S *[5202/20/2T] Uo ARidiauljuo A8 (1M ‘911UsD SS0UBI0S UieaH X00.qAuuns Aq /zy.T dwi/z00T 0T/10p/woo" A3 1M ARelq Bl uo widee//sdny woiy papeojumod ‘2T ‘¥20z ‘602rELre



% | \MEDICAL PHYSICS

Acoustic and thermal parameters employed in silico for different media.

TABLE 1

Water
pad

Hip Blood

Spine

Fat Muscle Fibroid Bowel

Skin

Parameter \ Medium

1850%° 105040

1850%°

105238 1.14M

113838
156938

92138

1200%7

100036

Density (o, kg/m?)

294143 159043

35004

35311

161438

144538

164542

149241

Longitudinal Sound Speed (¢,

m/s)

N/A
N/A

176043

79.4%3

140044

N/A N/A N/A N/A
N/A

745

N/A

N/A

Shear Sound Speed (cg, m/s)

124,546

8.643

4.145

40

Longitudinal Attenuation (¢,

Np/m/MHz)

GOUDARZI ET AL.

N/A

115.147

9044

N/A N/A N/A N/A

N/A

N/A

Shear Attenuation (asg,

Np/m/MHz)

130043 385050

130043

341048 2490% 35653 343449 N/A

41803

Specific Heat Capacity (C,

Jlkg/°C)

0.36%° 0.506°"

0.36%3

0.248%3 0.498%3 0.5 N/A

0.376%

0.615%

Thermal Conductivity (x,

W/m/K)

N/A

3.33 x 107446

N/A 3.33x 107446

5x 107436 3.97 x 107453 1.8 x 10735

5.83 x 107452

Note: Shear waves were only modeled in bone tissues (i.e., spine and hip).

Perfusion Rate (w, 1/s)

target layer as follows:>®

_j g IkIIr' il j
Un(r’) = / T = " &e =

T cos(8)ds, (1)

where k is the complex wavenumber (k = 2znf/c — ja,
with f the driving frequency, ¢ the sound speed, and «
the attenuation coefficient), u,(r) is the normal compo-
nent of the particle velocity of the source sub-element
located at r with surface area ds, S is the source
surface over which the integration is carried out, and
||Ir' —r|| is the Cartesian distance between the target
layer sub-element at r' and the source sub-element
at r. T and 9 represent the particle velocity transmis-
sion coefficient and transmission angle at the interface,
respectively, the latter of which is dictated by Snell’s
law. Reflected particle velocities are computed on layer
surfaces in a similar fashion, but with T replaced by
the particle velocity reflection coefficient and 6 replaced
by the reflection angle. Particle velocity transmission
and reflection coefficients at both fluid-fluid®® and fluid-
solid*+6667 interfaces are well documented in the
literature.

Once the particle velocities on the muscle-fibroid
boundary layer (Figure 1b) were obtained, and pres-
sure fields surrounding the focal point and in near-bone
regions were computed using the Rayleigh integral, two
forms of which were applied in this study. The acoustic
pressure at any point within the region of interest (r) was
calculated via®’

jkpc okl
/ e s, 2
p(r') = /Su (r) s (2)

[’ —rl|

where p denotes the density of the propagation medium.
Reflections from both bowel and bone surfaces were
considered when computing pressure fields in soft-
tissue within the focal and near-bone regions. In some
patients, portions of the spine were obscured by
intervening bowel volumes. Within bone, pressure con-
tributions from both the longitudinal and shear wave
components were calculated independently. For points
very close to the source layer boundary, the pressure
field was calculated via:5®

jkpC e—JKIIr'=r|

up(r)

27 g, O G)

S

p(r') = ds — peu,(r)e e — 1

where the surface S is divided into Sy for all ||r' —r|| > ¢

and S, for all ||F' —r|| < ¢, withe = 1/ Z.
Vs
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2.3.2 | Thermal model

The absorbed power density field, Q(r), was calculated
from the pressure field, p(r), according to:

lp(n)I?
oc

Qr)=«a 4)
Pennes’ bioheat transfer equation®? was applied to cal-

culate the 3D temperature distribution'%""64 resulting
from the heat source, Q(r), as follows:

4 T(rt

Y

=V.[k VT(r,t)] — w pg Cg [T(r, t) — Tg]
+Q(r) . (5)

Here, T(r, t) represents the temperature field at time ¢,
C, x and w denote the voxel-wise specific heat capac-
ity, thermal conductivity, and perfusion rate of the given
tissue type, whereas pg and Cg denote the density and
specific heat capacity of blood, respectively. The initial
body temperature and blood temperature (Tg) were both
set to 37 °C for all thermal simulations. In bone regions
(i.e., hip and spine), Equation 4 was computed as the
sum of the absorbed power density fields associated
with the longitudinal and shear wave components 5970
Thermal dose fields were computed’" and ablation vol-
umes were estimated as the volume of tissue receiving
a thermal dose greater than or equal to 240 cumulative
equivalent minutes at 43 °C (CEMy3).

2.4 | Numerical implementation

For each patient simulated in this study, the orientation
of the transducer array relative to the patient’'s anatomy
during their clinical treatment was replicated in silico.
The transducer’s array elements were discretized spa-
tially at (1/6)2, as were the water membrane and various
tissue layer boundaries. In the thermal model, the voxel
size was /6 isotropic and the time step was set to
43.2 ms, the latter of which was sufficiently short to
satisfy the von Neumann stability condition.”? Within
the focal region, pressure and temperature fields were
calculated over a 30 mm x 30 mm x 30 mm domain,
whereas in the near-hip and near-spine regions adap-
tive domain sizes were necessary depending on the
patient’s anatomy (approx. 60 mm x 115 mm x 185 mm
in spine, 45 mm x 50 mm x 45 mm in hip). Following
a previous simulation study of MRgFUS for uterine
fibroids,'" low particle velocity magnitudes were not
propagated from layer to layer to reduce processing
time without altering the outcome substantially. Ignoring
velocities less than 5% of the spatial-peak velocity on a
given layer produced a mean change of less than 2%
across the resulting 3D pressure field (<0.1% change

MEDICAL PHYSICS——27

in the peak pressure), while cutting processing times in
half. We applied this approximation both when propagat-
ing velocities from layer to layer and when computing the
resulting 3D pressure fields.

2.5 | Module blocking and simulated
sonications

A transducer module blocking algorithm was developed
to estimate which modules within the phased array
have beams that intersect no-pass zones for a given
sonication target. For each transducer module, a vol-
umetric beam through the target extending 6 cm past
the target was generated. The beam was a module-
sized square (12 mm x 12 mm) at the transducer
surface, converged down to a point at the target, and
diverged at the same angle past the target. Array ele-
ments within modules whose beam intersected with any
tissue layer surface area sub-element of a no-pass zone
(i.e.,bone, bowel) were blocked. This procedure was car-
ried out for all 96 transducer modules within the array.
Different blocking percentage values were tested for
modules intersecting with no-pass bone regions (i.e.,
hips and spine), whereby the transducer element output
power levels within blocked modules were reduced by
the corresponding blocking percentage value. In addi-
tion to the no blocking (i.e., blocking percentage =
0%) and full-blocking (i.e., blocking percentage = 100%,
elements turned off) scenarios, we investigated four
intermediate partial blocking percentages (20%, 40%,
60%, 80%), each of which resulted in a binary distribu-
tion of output power levels across the array. Transducer
modules with beams intersecting no-pass bowel regions
were always blocked fully (i.e., blocking percentage
= 100%), to mimic the patient treatments.” Figure 1c
shows an example of a hypothetical treatment point
in proximity to the bowel, illustrating the calculation of
blocked modules.

Investigating near-bone sonications across multiple
patients required a standardized approach to treatment
point selection. In this study, we only tested target loca-
tions with at least 50% of the total array modules
unblocked, so as to not drastically reduce the active
array aperture. For each patient, we determined the
point along the vector connecting the center point of the
array to the closest point on the bone surface of inter-
est (i.e., spine or hip) that resulted in as close to 48 of
96 blocked modules within the array as possible without
exceeding 50%. We then placed up to 3 additional tar-
gets proximal to the transducer along that vector in steps
of 5 mm, provided the target and resulting focal heating
volume were contained within the patient’s fibroid. We
simulated a total of 73 targets across all 10 patients
(Table 2). Sonications near both the left and right hip
bones were each tested in half of the patient popula-
tion (right: patients #1/4/5/7/8, left: patients #2/3/6/9/10).
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TABLE 2 Number of blocked modules within the array due to the no-pass bone region (spine/hip) for simulated sonications across all
patients.

Location \ Patient #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
#1 48/48 48/48 48/48 48/48 48/48 47/48 46/46 45/48 47147 47147
#2 40/40 37/34 30/39 40/39 37/35 26/38 38/38 31/40 39/40 40/30
#3 27130 22/25 22/28 25/28 21/26 13/27 21/29 18/32 31/32 31/-
#4 18/21 12/19 -/~ 15/- 8/- 1/- 12/13 6/26 16/25 16/-

Note: Locations #1 and #4 are closest to and farthest from the bone surface of interest, respectively.

Table 2 lists the number of blocked modules for each
sonication in each patient. Each target was simulated
initially without any aberration corrections incorporated
into the array element driving phases. The driving
phases at the operating frequency (f = 518 kHz) for a
given target location were calculated assuming propa-
gation within a homogeneous medium (¢, = 1540 m/s).
Each target was then re-simulated to investigate the
impact of soft-tissue phase aberration corrections’3~7°
using an analytic ray-tracing approach.”® In a single
patient (#1),additional sonications were simulated at tar-
gets placed both near the hip (93 targets) and spine
(154 targets) to investigate how close to bone ablative
exposures may be feasible using various apodization
approaches without phase corrections.

The simulations in this study were carried out on
a desktop workstation (AMD Ryzen Threadripper Pro
5975WX processor, 256 GB memory, 32 cores, 64
threads) containing a single NVIDIA GPU (GeForce RTX
4090, 24 GB memory, 16 384 cores). The acoustic and
thermal simulations took approximately 20 min (7 min)
and 1 min (30 s) to run for a single near-spine (near-
hip) target, respectively. In total, 193 near-spine and 127
near-hip target locations were investigated across the 10
patients in this study. The total simulation time, including
both acoustic and thermal simulations for all target loca-
tions at each of the 6 blocking percentages investigated,
including the additional phase correction simulations,
was approximately 25 days.

The primary outcome metric of interest in this study
was the ratio of the spatial-peak temporal-peak (SPTP)
temperature elevation within the focal region (AT¢oca)
to the SPTP temperature elevation within the bone’”
(ATbone)’ defined as ATratio = ATfocaI/ATbone! with
higher values translating to more effective treatments.
The optimal blocking percentage for a given target was
determined as the percentage providing the maximum
AT,4ti0 value. Focal heating volumes were quantified as
the volume of fibroid tissue in which the temperature ele-
vation was greater than or equal to 50% of ATjcg, With
larger values for a fixed target location corresponding to
more diffuse focusing. Targeting error was quantified as
the Euclidean distance between the intended target and
the location of SPTP focal temperature elevation. For
each simulated sonication, following transducer module

blocking with a given blocking percentage value, the
total acoustic power across the array was scaled to
achieve ATicq = 35 °C at the end of a 30 s sonication
at the target of interest. This normalization facilitated
a comparison of both the temperature elevation within
bone regions, as well as the total and peak module-wise
acoustic power levels required to achieve equivalent
levels of focal heating, across different cases. Numerical
simulations of this device were found to over-predict the
focal intensity obtained in water tank needle hydrophone
measurements by a factor of 1.04 + 0.06 (mean + SD)
depending on the target location, following correction for
the hydrophone’s directivity profile,”® which translated to
an underestimation of the powers required to achieve a
given level of focal heating in silico compared our clini-
cal experience. In estimating how close to bone ablative
exposures may be feasible, sonications with a AT 40
value above 4.375 were considered treatable; assuming
a resting body temperature of 37°C this threshold corre-
sponds to a peak focal temperature of 72°C (i.e., 35 °C
elevation), sufficient for thermal coagulation over a 30
s sonication, with a peak bone temperature of 45°C
(i.e., 8°C elevation) the upper limit of temperature-
induced pain thresholds.”® The bone stand-off
distance with a 50% predicted outcome of being
classified as treatable (Dgg) was obtained via probit
analysis &0

3 | RESULTS

Figures 2 and 3 show temperature field data in the
focal and bone regions, respectively, from an example
sonication near the spine for different module block-
ing percentage values. Examining the focal region
(Figure 2), it can be seen that the focal heating volume
generally increases with increasing blocking percent-
age, corresponding to more diffuse focusing, without
impacting the array’s targeting capabilities. As the block-
ing percentage is increased, both the total and peak
module-wise acoustic power levels required to achieve
the desired focal temperature elevation also increase
due to the reduced effective aperture. In the spine region
(Figure 3), variable levels of bone heating are observed
for different blocking percentage values. For this target,
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Example Near-Spine Sonication: Focal Region
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FIGURE 2 Temporal-peak coronal (L-S, left plots) and sagittal (P-S, right plots) maximum intensity projection temperature field distributions
at the focus for an example sonication near spine (patient #1, target 33 mm from spine, no phase corrections), with different blocking
percentages. 48 of the 96 transducer modules had beams that intersected the no-pass spine region. Total and peak module-wise acoustic power
levels required to achieve the fixed AT,y = 35°C value for each case are listed as insets (white, sagittal) along with the focal heating volumes
(cyan, coronal). Cyan contours denote regions where the temperature elevation exceeds 50% of ATy, . L = left, P = posterior, S = superior.

Example Near-Spine Sonication: Bone Region
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FIGURE 3 Temporal-peak coronal (L-S, left plots) and sagittal (P-S, right plots) maximum intensity projection temperature field distributions
within the bone region for an example sonication near spine (patient #1, target 33 mm from spine, no phase corrections), with different blocking
percentages. 48 of the 96 transducer modules had beams that intersected the no-pass spine region. ATy, values are listed as insets (white,
sagittal). Cyan contours denote regions where the temperature elevation exceeds 50% of ATy gne- White contours denote the spine region. L =
left, P = posterior, S = superior.
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Example Near-Hip Sonication: Focal Region
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FIGURE 4 Temporal-peak coronal (L-S, left plots) and sagittal (P-S, right plots) maximum intensity projection temperature field distributions
at the focus for an example sonication near hip (patient #2, target 25 mm from hip, no phase corrections), with different blocking percentages. 48
of the 96 transducer modules had beams that intersected the no-pass hip region. Total and peak module-wise acoustic power levels required to
achieve the fixed AT, = 35°C value for each case are listed as insets (white, sagittal) along with the focal heating volumes (cyan, coronal).

Cyan contours denote regions where the temperature elevation exceeds 50% of ATiycy. L = left, P = posterior, S = superior.

Example Near-Hip Sonication: Bone Region
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FIGURE 5 Temporal-peak coronal (L-S, left plots) and sagittal (P-S, right plots) maximum intensity projection temperature field distributions
within the bone region for an example sonication near hip (patient #2, target 25 mm from hip, no phase corrections), with different blocking
percentages. 48 of the 96 transducer modules had beams that intersected the no-pass hip region. AT Values are listed as insets (white,
sagittal). Cyan contours denote regions where the temperature elevation exceeds 50% of ATy,ne. White contours denote the hip region. L = left,

P = posterior, S = superior.

the peak bone temperature elevation was minimal for a
blocking percentage of 60% (SPTP bone temperature
elevation = 2.1 °C). For this blocking percentage value,
relative to the no blocking case the focal heating volume
was increased by 3% (69 mm? vs. 71 mm?®), and the
required total and peak module-wise acoustic power
levels were elevated by 9% (51.4 W vs. 55.8 W)
and 85% (0.54 W/module vs. 1.0 W/module),
respectively.

Figures 4 and 5 show temperature field data in the
focal and bone regions, respectively, from an example

sonication near the hip for different module blocking per-
centage values. Similar to the spine case, focal heating
volume was found to increase with increasing block-
ing percentage in general, without impacting the array’s
targeting capabilities (Figure 4). As the blocking percent-
age is increased, both the total and peak module-wise
acoustic power levels required to achieve the desired
focal temperature elevation also increase. This near-hip
target had a greater focal distance (8.7 cm; 6.6 cm depth,
5.7 cm off-axis steering) compared to the near-spine
sonication in Figure 2 (6.8 cm; 6.0 cm depth, 3.2 cm
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off-axis steering), resulting in more diffuse focus-
ing such that both the focal heating volume and
required acoustic power values were elevated in this
case. Variable levels of bone heating are observed
in the hip (Figure 5) for different blocking percentage
values. For this target, the peak bone temperature
elevation was minimal for a blocking percentage of
80% (SPTP bone temperature elevation = 17.0 °C).
For this blocking percentage value, relative to the
no blocking case the focal heating volume was
increased by 7% (114 mm?3 vs. 122 mm?3), and the
required total and peak module-wise acoustic power
levels were elevated by 19% (98.8 W vs. 117.3 W)
and 128% (1.03 W/module vs. 2.35 W/module),
respectively.

Figure 6 provides summary data for our simulation
findings from treatment points located near the spine
without employing phase aberration correction. Across
all patients, the AT, was found to decrease as the
target was placed closer to the spine. The blocking
percentage value that maximized the AT, varied
depending on both the patient and the treatment
location. In 62% of near-spine sonications (24/39),
the full blocking approach (i.e., turning off elements
within transducer modules intersecting with bone)
resulted in the maximum AT, with @ mean (min/max)
improvement of 49% (8%/106%) compared to the no
blocking case. The required total and peak module-wise
acoustic power levels for full blocking were elevated by
37% +17% and 101% + 56% (mean + SD), respectively,
compared to the no blocking case (Figure S1). Among
the remaining near-spine sonications, the optimal partial
blocking percentage for a given target provided a mean
(min/max) improvement of 15% (3%/46%) in AT,ato
compared to the full blocking approach, and resulted
in @a mean (min/max) decrease of 34% (5%/56%) in
the focal heating volume. In general, both increasing
the blocking percentage value and increasing the
electronic beam steering distance (i.e., increasing the
target’'s proximity to the spine) resulted in increased
focal heating volumes (Figure S2) and ablation vol-
umes (Figure S3). The mean (min/max) targeting
error across all spine sonications using the optimal
blocking percentage was 1.2 mm (0.6 mm/2.1 mm)
(Figure S4).

Figure 7 provides summary data for our simulation
findings from treatment points located near the hip
without employing phase aberration correction. At the
optimal blocking percentage, the AT, values obtained
in the hip were generally lower than those observed in
the spine, by a factor of 3.4 + 2.6 on average (Table 3).
Similar to the spine case, AT,4ij, was found to decrease
as the target was placed closer to the hip across all
patients. The blocking percentage value that maximized
the AT, also varied depending on both the patient
and the treatment location in the hip. In 50% of near-
hip sonications (17/34), the full blocking approach (i.e.,

MEDICAL PHYSICS -2

turning off elements within transducer modules inter-
secting with bone) resulted in the maximum AT, 4o, With
a mean (min/max) improvement of 82% (7%/158%)
compared to the no blocking case. The required total
and peak module-wise acoustic power levels for full
blocking were elevated by 6%+17% and 65%+36%
(mean + SD), respectively, compared to the no blocking
case (Figure S5). Among the remaining near-hip son-
ications, the optimal partial blocking percentage for a
given target provided a mean (min/max) improvement of
29% (1%/102%) in AT,,ti0 compared to the full blocking
approach, and resulted in a mean (min/max) decrease
of 20% (2%/40%) in the focal heating volume. In gen-
eral, both increasing the blocking percentage value
and increasing the electronic beam steering distance
(i.e., increasing the target’s proximity to hip) resulted
in increased focal heating volumes (Figure S6) and
ablation volumes (Figure S7). The mean (min/max) tar-
geting error across all hip sonications using the optimal
blocking percentage was 1.5 mm (0.5 mm/2.7 mm)
(Figure S8).

Figure 8 shows representative near-spine and
near-hip sonications demonstrating the impact of
incorporating element-wise phase aberration correc-
tions into the array driving signals. When using the
optimal blocking percentage for a given treatment sce-
nario, phase corrections improved the resulting average
focal quality relative to the no correction case, reducing
the focal heating volumes (13% + 21%/18% + 14%
decrease for spine/hip targets, mean + SD), required
total power levels (7% + 14%/8% + 12% decrease for
spine/hip targets, mean + SD), and targeting errors
(41% =+ 22%/22% =+ 40% decrease for spine/hip

targets, mean + SD) (Figure 9). Although phase
corrections improved AT, Vvalues on average
(35% + 24%/52% + 47% increase for spine/hip tar-
gets, mean + SD), they did not do so at each individual
target location investigated, with 7% of cases (5/73 tar-
gets) suffering a reduction in AT, (Figure 9). Further,
in 49% of cases (36/73 targets) the optimal blocking
percentage with phase corrections was different than
that obtained from geometric focusing (i.e., without
phase corrections). Plots of various outcome metrics
for each target location simulated with phase aberration
corrections are provided in the supplemental materials
(Figures S9-518).

Figure 10 illustrates the target locations simulated
to evaluate near-bone treatments. Full module blocking
was found to increase the transducer array’s treatment
envelope compared to the no blocking control case,
with Dsq dropping from 42 + 1 mm (17 = 2 mm) to
38 + 1 mm (8 + 1 mm) for sonications near hip (spine).
Optimal module blocking provided further improvements
in the treatment envelope relative to the full blocking
case (Dgg = 36 =+ 1 mm near hip and 7 + 1 mm near
spine). Near-hip sonications classified as treatable in
this patient resulted in mean thermal dose volumes
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Near-Spine Sonications
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FIGURE 6 AT, values (ATica/AThone) for all near-spine sonications across ten patients (no phase corrections). The offset distance from
the treatment point to the spine surface is provided on the left y-axis in black and from the treatment point to the muscle-fibroid boundary layer
on the right y-axis in blue. Green asterisks denote the power-based blocking percentage resulting in the maximum AT ., for each target.

TABLE 3 Maximum AT, values (spine/hip) for simulated sonications across all patients without phase correction (i.e., green asterisks in
Figures 6 and 7).

Location \ Patient #1 #2 #3 #4 #5 #6 #7 #8 #9 #10

#1 16.3/4.0  16.8/2.1 25.8/4.4  14.2/26  16.2/5.1 14.7/5.7  12.0/42  20.4/35 23.4/3.6 15.2/10.3
#2 31.9/6.2 21.1/3.2 32584 228/76 30.3/8.0 17.4/11.6 19.2/145 34.7/6.2 428/57  25.2/10.7
#3 43.4/10.6 44.7/6.4  62.3/16.4 255/13.5 422/182 15.4/17.8 28.8/11.0 49.8/11.3 52.8/8.4  37.2/-
#4 54.2/13.6 27.9/142 -/- 34.8/- 43.5/- 17.6/- 24.8/14.1 452/22.3 94.0/16.8 51.2/-

Note: Locations #1 and #4 are closest to and farthest from the bone surface of interest, respectively.
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Near-Hip Sonications
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AT atio Values (ATioca/AThone) for all near-hip sonications across ten patients (no phase corrections). The offset distance from

the treatment point to the hip surface is provided on the left y-axis in black and from the treatment point to the muscle-fibroid boundary layer on
the right y-axis in blue. Green asterisks denote the power-based blocking percentage resulting in the maximum AT, for each target.

of 160 + 30 mm® (no blocking, 15 of 93 targets),
250 + 160 mm?3 (full blocking, 47 of 93 targets), and
230 + 140 mm?3 (optimal blocking, 55 of 93 targets) at
the focus. Near-spine sonications classified as treatable
in this patient resulted in mean thermal dose volumes
of 150 + 30 mm® (no blocking, 43 of 154 targets),
250 + 60 mm?3 (full blocking, 103 of 154 targets), and
220 + 50 mm? (optimal blocking, 106 of 154 targets)
at the focus. The peak thermal dose values deposited
in bone for treatable near-hip and near-spine sonica-
tions were both less than 1 CEM,3, below the thresholds
for irreversible damage to bone or its surrounding soft
tissues8! Although sensitivity to heat is highly vari-
able across different tissue types, in general, a thermal

dose of 10-20 CEMy3 is needed to induce thermal
damage®?

4 | DISCUSSION

The findings from this simulation study suggest that,
when ablating fibroid tissue using a 6144-element
flat fully-populated phased array system operating at
0.5 MHz, for equivalent levels of focal heating trans-
ducer module blocking reduces bone heating compared
to the no blocking control case, at the cost of more
diffuse focusing and thus requiring elevated total and
peak per-module acoustic power levels. Furthermore, in
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FIGURE 8 Sagittal temporal-peak maximum intensity projection temperature field distributions within the focal and bone regions for
representative near-spine (patient #6, location #4) and near-hip (patient #5, location #1) sonications, both with (optimal blocking percentages =
100%/80% for spine/hip) and without (optimal blocking percentages = 100%/80% for spine/hip) the inclusion of phase corrections into the array
driving signals. Total acoustic power levels required to achieve the fixed AT, = 35°C value for each case (white) and focal heating volumes
(cyan) are listed as insets (focal region), as well as the ATy, Values (bone region, white). Cyan contours denote regions where the temperature
elevation exceeds 50% of the spatial-peak temperature elevation within the region of interest (i.e., focal or bone). P = posterior, S = superior.

just under half of simulated sonications partial module capable of delivering adequate power to compensate
blocking was shown to provide improvements in both for these more stringent power requirements (upwards
the ratio of focal-to-bone heating and the focal heat- of 800 W operating in continuous wave mode, consis-
ing volume relative to the full blocking case. The optimal tent with 6-10 W per module'?). Transducer module
blocking percentage value was found to be dependent apodization also resulted in marginal increases of the
on the specific patient geometry and target location of focal heating volume relative to the no blocking case
interest, as well as whether or not phase aberration cor- (7% + 12%/25% + 27% mean and 55%/98% maximum
rections were employed, suggesting that pretreatment increase vs. no blocking at the optimal blocking per-
simulations incorporated within the treatment planning centage in hip/spine), which are small (maximum value
workflow will be necessary to fully exploit this strategy = 0.21 cm? in both hip and spine [Figures S2, S6))
during clinical MRgFUS treatments. Preliminary results compared to the large fibroid volumes typically treated
suggest this transducer module apodization approach via MRgFUS (e.g., fibroid load of 372 + 235 cm? in
may facilitate the ablation of fibrous tissues closer to Stewart et al.'®). Finally, the phased array’s targeting
bony structures, thereby increasing the treatment enve- accuracy was found to be unaffected by transducer
lope of MRgFUS surgery in the body. MRgFUS-based module apodization, with sub-wavelength worst-case
thermoablation of other targets within the abdomen targeting errors at the optimal blocking percentage
(e.g., liver®384 kidney?® pancreas®®) may also benefit  (Figures S4-S8).
from similar techniques. The inclusion of soft-tissue phase aberration correc-
Although the improvements obtained in the focal- tions into the driving signals improved focusing quality
to-bone heating ratio provided by transducer module on average, resulting in decreased focal heating vol-
apodization translated to increased effective treatment umes, lower total power levels required to achieve a fixed
envelopes, they came at the cost of requiring elevated temperature elevation, and reduced targeting errors. A
total and peak per-module acoustic power levels to maijor benefit of the lower transducer driving frequency
match the focal heating of the no blocking control case.  of this device relative to alternative MRgFUS systems
The MRgFUS system investigated in this work is fully  for uterine fibroid treatments is the reduced impact of
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FIGURE 9 Improvement of different performance metrics (AT, total acoustic power, focal heating volume, and targeting error) obtained
with PC relative to the corresponding NC case for all sonications simulated across ten patients. Metrics are plotted for the optimal blocking
percentage for each treatment scenario (i.e., patient, location, driving signals), and are presented as either a ratio (PC/NC) or difference
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#1-4, and P#1-10 denote patients #1-10. NC, no correction; PC, phase correction.
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soft-tissue field distortions arising from trans-abdominal
propagation.® Nevertheless, phase corrections could
therefore be used to help counteract the focal quality
reductions that result from transducer module blocking.
Although phase corrections were also found to improve
the focal-to-bone heating ratio on average, it is worth
noting that they did not do so at each individual location
investigated. Further, it was also shown that phase cor-
rections impacted the optimal blocking percentage for a
given treatment scenario. Taken together, these results
highlight the need for a priori simulations to fully exploit
this approach in a clinical setting.

The simulated improvements provided by the pro-
posed modular transducer apodization approach are
expected to over-estimate its performance in prac-
tice for several reasons, including inaccurate soft
tissue boundary segmentation, the potential for patient
motion occurring between the end of MRI acquisition
and prior to the delivery of simulation-informed FUS
exposures, as well as uncertainties in tissue-specific
acoustic/thermal properties in patients. Implementation
of MR® or ultrasound®8° imaging-based methods
for tracking and compensating for unwanted patient
motion may help in this regard, particularly if aberration
corrections are to be employed. Furthermore, accurate
determination of which transducer modules should be
blocked plays a central role in our proposed method.
Although we assumed straight line-of-sight propagation
to determine blocked transducer modules in this work,
acoustic waves propagating within the body will deviate
from this ideal approximation as a result of spatial
tissue inhomogeneities. We also employed a fixed 6
cm far-field cut-off distance in our algorithm to avoid
over-blocking transducer modules, however, this choice
of distance will greatly impact outcomes and should
be studied in greater detail in the future. Experimental
verification and validation of the proposed methodology
is therefore warranted to evaluate its performance
in vivo.

The development of rapid methods for both MRI-
based tissue layer segmentation and acoustic/thermal
field simulations will be required prior to routine clin-
ical adoption of this approach, to minimize the time
between the end of MRI acquisition and delivery of the
simulation-informed ultrasound exposures. In this work,
MRI-based segmentation was performed manually on a
slice-by-slice basis and was relatively time-consuming,
taking several hours to complete a single patient. Recent
advancements in automated abdominal soft-tissue seg-
mentation via deep learning approaches represent
potential solutions to this problem.%°" Following MRI-
based tissue segmentation, the total computational time
associated with acoustic and thermal simulations for
one near-spine sonication and one near-hip sonication
in a given patient was approximately 30 min, despite
using GPU-based model implementations %% Neural

network-based field generation techniques®* more
sophisticated computing hardware °>%¢ as well as sim-
ulation acceleration techniques (e.g., simulating lower
transmit frequencies,’’ decreasing the surface mesh
discretization density®®) could help decrease the asso-
ciated computational times in the future. To be practical
in a clinical setting, the total time for segmentation and
simulation will need to be reduced to on the order of a
few minutes.

In this proof-of-principle study, a relatively coarse
step size of 20% was chosen when investigating differ-
ent power-based partial blocking percentages, however,
a finer step size may lead to even further improve-
ments in the future. In addition, the proposed apodization
approach adjusts transducer amplitudes on a module-
wise basis (i.e., 64-elements at a time), but in practice
each of the phased array’s individual 6144 elements can
be driven with a unique amplitude and phase,” providing
the opportunity to exploit a greater number of degrees
of freedom. Future work will investigate element-wise
phase and amplitude control for the delivery of optimal
energy deposition patterns, such as the application of
anti-foci points’”-9%-100 within no-pass zones.

5 | CONCLUSION

Numerical simulations of uterine fibroid ablation near
hip and spine regions using a 6144-element flat, fully-
populated MRgFUS phased array operating at 0.5 MHz,
suggest that transducer module blocking based on
beam intersections with no-pass zones within the field
can help increase the ratio of focal-to-bone heating
compared to the no blocking control case, at the cost of
more diffuse focusing and thus requiring elevated total
and per-module acoustic powers to achieve equivalent
levels of focal heating. In just under half of simulated
sonications partial module blocking provided further
improvements relative to the full blocking case, both in
terms of the focal-to-bone heating ratio as well as the
focal heating volume. The optimal blocking percentage
value was dependent on the specific patient geometry
and target location of interest. Although not all tar-
get locations saw benefit, soft-tissue phase aberration
corrections provided improvements in the average focal-
to-bone heating ratio and impacted the optimal blocking
percentage value for a given treatment scenario. Trans-
ducer module blocking enabled tissue ablation closer
to bony structures without overheating or damaging the
bone, with the partial blocking approach facilitating treat-
ments in the closest proximity to both the hips and spine.
The proposed transducer apodization scheme shows
promise for improving treatment planning for MRgFUS
surgery of uterine fibroids and, more generally, increas-
ing the effective treatment envelope of MRgFUS within
the body.
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