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Abstract
Purpose: Magnetic resonance-guided focused ultrasound surgery (MRgFUS)
can be used to noninvasively treat symptomatic uterine fibroids by heating with
focused ultrasound sonications while monitoring the temperature with magnetic
resonance (MR) thermometry.While prior studies have compared focused ultra-
sound simulations to clinical results, studies involving uterine fibroids remain
scarce. In our study, we perform such a comparison to assess the suitability of
simulations for treatment planning.
Methods: Sonications (N = 67) were simulated retrospectively using acoustic
and thermal models based on the Rayleigh integral and Pennes bioheat equa-
tion followed by MR-thermometry simulation in seven patients who underwent
MRgFUS treatment for uterine fibroids. The spatial accuracy of simulated focus
location was assessed by evaluating displacements of the centers of mass of
the thermal dose distributions between simulated and treatment MR thermom-
etry slices. Temperature–time curves and sizes of 240 equivalent minutes at
43◦C (240EM43) volumes between treatment and simulation were compared.
Results: The simulated focus location showed errors of 2.7 ± 4.1,−0.7 ± 2.0,
and 1.3 ± 1.2 mm (mean ± SD) in the anterior–posterior, foot–head, and right–
left directions for a fibroid absorption coefficient of 4.9 Np m–1 MHz–1 and per-
fusion parameter of 1.89 kg m–3 s–1. Linear regression of 240EM43 volumes
of 67 sonications of patient treatments and simulations utilizing these parame-
ters yielded a slope of 1.04 and a correlation coefficient of 0.54. The tempera-
ture rise ratio of simulation to treatment near the end of sonication was 0.47 ±

0.22, 1.28 ± 0.60, and 1.49 ± 0.71 for 66 sonications simulated utilizing fibroid
absorption coefficient of 1.2, 4.9, and 8.6 Np m–1 MHz–1, respectively, and the
aforementioned perfusion value. The impact of perfusion on peak temperature
rise is minimal between 1.89 and 10 kg m–3 s–1, but became more substantial
when utilizing a value of 100 kg m–3 s–1.
Conclusions: The results of this study suggest that perfusion, while in some
cases having a substantial impact on thermal dose volumes, has less impact
than ultrasound absorption for predicting peak temperature elevation at least
when using perfusion parameter values up to 10 kg m–3 s–1 for this particu-
lar array geometry, frequencies, and tissue target which is good for clinicians
to be aware of. The results suggest that simulations show promise in treat-
ment planning, particularly in terms of spatial accuracy. However, in order to
use simulations to predict temperature rise due to a sonication, knowledge of
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the patient-specific tissue parameters, in particular the absorption coefficient is
important. Currently, spatially varying patient-specific tissue parameter values
are not available during treatment, so simulations can only be used for planning
purposes to estimate sonication performance on average.
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1 INTRODUCTION

Uterine fibroids (UF), also known as leiomyomata, are
commonly found benign growths of the uterus originat-
ing from smooth muscle cells. Fibroids occur in over
70% of women,1 and approximately 25% of the fibroid
bearing population has symptomatic fibroids,2 which can
degrade the quality of life. The current standard of care
treatment for symptomatic UFs includes medical and
surgical options which can range from drug therapy,
myomectomy, hysterectomy, and embolization.

Magnetic resonance-guided focused ultrasound
surgery (MRgFUS) is a relatively new treatment modal-
ity that is used to treat fibroids3 as well as a variety
of other conditions.4 During the treatment of fibroids,
ultrasound is focused on a region within the fibroid. The
ultrasound energy is absorbed by the tissue, causing
a temperature rise. If the temperature rise is suffi-
ciently high and maintained long enough, the result is
thermal coagulative necrosis. Once a sufficiently large
volume of the fibroid is ablated, the fibroid shrinks over
a period of months5 and the patient is alleviated of
her symptoms. Magnetic resonance (MR) guidance
allows pre-treatment localization of anatomy, temper-
ature monitoring during the treatment, as well as an
immediate assessment of the treatment outcome by
visualizing the non-perfused volume with gadolinium
(Gd) contrast.6,7

Advantages of MRgFUS in UF treatments over cur-
rent standard of care treatments are that MRgFUS is
non-invasive and the recovery time of patients is much
shorter. Fertility can also be preserved after MRgFUS
treatments.8 Focused ultrasound surgery can also be
performed with US guidance,9 but without the same level
of real-time monitoring and control that is possible with
MR thermometry.

While MRgFUS treatments have shown great
success10,2 and are continuously being improved,2

factors currently hindering the widespread adoption of
this treatment modality as a clinical standard for UFs
include the long duration of treatments,11,12 requiring
expensive MRI time,as well as patient screening criteria
and difficulty heating certain types of fibroids limiting
the treatment envelope.13 The treatment envelope
refers to the types and locations of fibroids that can
be effectively treated with MRgFUS. Tissues outside
of the target volume within the beam path accumulate
heat which contributes to long treatment times as it

is necessary to wait for these structures to cool prior
to starting the next sonication.14 Furthermore, when
treating fibroids that are difficult to heat, non-target
heating can occur to such an extent that the achievable
treatment volume is limited by the need to protect adja-
cent normal tissue.Heating profiles in the tissue and the
extent to which non-target heating contributes depends
on the geometry of the transducer and patient, patient-
specific tissue composition, and operator adjustable
sonication parameters and strategies. An example of a
sonication strategy is provided in a study15 performed
using a single-element transducer and a phantom which
suggests that algorithms used to determine the order
of locations of the acoustic focus within a grid could
reduce the extent of near-field heating.

To overcome lengthy treatment times, phased array
transducers, which are capable of electronically steer-
ing the acoustic focus, and sonication strategies have
been developed.For example,with a phased array trans-
ducer it is possible to perform volumetric ablation,16,17

described in further detail in Section 2,by rapidly switch-
ing between fields having multiple foci or by steering
the acoustic focus rapidly and repetitively along trajec-
tories within a volume.Volumetric ablation is a treatment
strategy that is currently being used clinically to shorten
treatment times.

To illustrate the current stage of treatment plan-
ning in the context of volumetric ablation of UFs, the
Philips Sonalleve system shall be referred to as an
example. Treatments on the Sonalleve are performed
by placing sonication cells within the fibroid, one after
another until a sufficiently large volume of the fibroid
is ablated. These sonication cells consist of circular
trajectories of focal points about which the focus is
scanned repeatedly.17 The resulting ellipsoidal-shaped
region of ablative temperatures shall be referred to
as the thermal focus. The first time a selected tar-
get depth is sonicated with the transducer at a par-
ticular orientation, a low power test sonication is per-
formed to verify that the thermal focus is at the intended
depth location. If necessary, adjustments are made and
the procedure is repeated. The sonication parameters
of the test sonication are designed to create temper-
atures low enough not to cause any damage to tis-
sues,while being sufficiently large to be measured using
MR thermometry. After these tests, the sonication cells
are placed and sonicated one after another. Sonica-
tion parameters are determined during the treatment
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based on outcomes of previous sonications. Typically,
it is necessary to wait up to several minutes between
sonications for the tissue in the near field of the trans-
ducer to cool.

A major factor contributing to lengthy treatment times
is the high rate of incomplete sonications (sonications
that are not completed as intended). For example, some
centers report that roughly one out of four sonications
performed with the Sonalleve are aborted by the patient,
operator, or automatic system safety checks.18 Aborted
sonications typically occur when excessive near-field or
far-field heating develops before the desired tempera-
ture for ablation is reached at the focus, causing addi-
tional waiting time. The rate of incomplete volumetric
feedback sonications on the Sonalleve is reported to be
as high as 70%.12 Another contributor to long treatment
times in current clinical treatments is that parameters
such as the order of the treatment cells and the cooling
time in between sonications are most likely not optimal.

The use of computer models to calculate acous-
tic fields, temperature, and thermal dose distributions
to assist in guiding patient treatments and develop-
ing treatment protocols in this publication is referred to
as model-based treatment planning (MBTP). Improve-
ments in MBTP could help better predict the temper-
ature and thermal dose prior to sonication, prevent
aborted sonications,and enable the optimization of son-
ication parameters and the order of sonication cells19 to
shorten treatment time.

Two factors that make fibroids difficult to heat and
thus limit the treatment envelope are thought to be
perfusion20–22 and low ultrasound absorption.23 The
tissue-specific perfusion and ultrasound attenuation
parameters are poorly quantified and can lead to vari-
able outcomes and treatment inefficiencies.24 However,
a small number of quantitative estimates of in vivo
UF perfusion are available in the literature including
a feasibility study using an analytic technique25 and a
study involving one patient case exhibiting low clinical
heating.26 Similarly, ex vivo estimates of UF attenuation
are available in several studies,27–29 (while in vivo values
remain scarce in the literature).30,31 By gaining informa-
tion about the particular patient-specific tissue parame-
ters that limit and hinder the heating of a fibroid during a
particular sonication, it could be possible to select more
optimal sonication parameters for such a sonication.
This could aid in attaining heating of the fibroid and
play a role in expanding the treatment envelope.

Acoustic32,33 and thermal33 simulations have been
run in UF patient geometries in earlier studies for device
development and treatment planning purposes. Suomi
et al.26 used acoustic simulations in a patient treatment
geometry for a case exhibiting low clinical heating to
study the effects of tilting the transducer. However, while
results of acoustic simulations have been compared to
phantom experiments32 and the results of thermal sim-
ulation have been compared to MR-thermometry data
from animal experiments,34 to the authors’ knowledge,

a comparison of results of such simulations has not
yet been performed with respect to MR-thermometry
UF patient data. In this study, we perform a compari-
son of simulation results with clinical MR-thermometry
data acquired from UF treatments as a first step with the
longer-term goal of furthering applications of the sim-
ulations for MBTP. For example, improved MBTP may
have potential to reduce treatment times, make treat-
ments safer, and expand the treatment envelope and
move us toward greater utilization of MRgFUS in the
treatment of UFs. In performing this comparison, we
characterize the ability of the model to predict the loca-
tion of the thermal focus, magnitude of peak tempera-
ture rise, as well as sizes of focal thermal dose thresh-
old volumes (regions of temperature rise high enough to
be clinically relevant) averaged over sonications within
as well as throughout patient treatments using several
constant values of tissue parameters.In addition to gain-
ing an understanding of the effect sizes of varying per-
fusion and absorption parameters, we investigate the
role these parameters may have in explaining clinically
observed variability in temperature rise from patient to
patient as well as from location to location within a
patient.

2 MATERIALS AND METHODS

2.1 Description of patient population

A total of seven patient cases who were treated for
symptomatic UFs at Sunnybrook using the Sonalleve
were retrospectively analyzed and compared to com-
puter simulations. UF patient treatment data involving
the Sonalleve system as opposed to other commercial
clinical systems was included in this study based on
availability of patient treatment data.

2.2 Description of clinical device and
patient treatments

The Sonalleve consists of a 256-element random spher-
ical sparse ultrasound transducer array immersed in
mineral oil within an MRI tabletop. The transducer can
move in three spatial directions as well as tilt. The geo-
metric focal length of the transducer used for these
patient treatments was 14 cm. The frequencies avail-
able for clinical sonications are approximately 1.20 and
1.44 MHz and can be chosen for each sonication by the
operator.

The treatments on the Sonalleve utilize volumetric
ablation17 due to its energy efficiency.11,35 A sonica-
tion is performed on a construct called a treatment cell,
which consists of points over which the acoustic focus
is electronically steered lying on axially concentric cir-
cular trajectories intended to produce an ellipsoidally
shaped region of ablated tissue. Treatment cells are
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placed within treatment cell clusters, where a treatment
cell cluster is a term describing treatment cells confined
to a layer defined by fixing degrees of freedom of the
transducer, e.g., depth and/or tilt angle(s). During the
treatment,a cell size and type are selected,with possible
cell sizes including 4-, 8-, 12-, 14-, and 16 mm-diameter
ellipsoids consisting of 1, 2, 3, 4, and 4 concentric circu-
lar trajectories, respectively.Treatment cell types include
so-called regular cells in which switching times from one
trajectory to the next are preset17 and feedback cells36

in which the trajectory switching times are set to occur
based on the feedback from MR thermometry involving
temperature and/or thermal dose conditions.

The temperature distribution within the focal volume is
monitored by three coronal slices and one sagittal slice.
The coronal slice thickness and gap are 7.0 and 0.0 mm,
respectively, thus covering a continuous volume (having
a length of 21 mm in the depth direction) containing the
treatment cell position. A near-field and far-field slice,
whose locations are defined by the clinician, are also
used for temperature monitoring. The MR thermometry
technique used to monitor the temperature is proton res-
onance frequency shift thermometry.37 The temperature
is monitored during each sonication and the monitoring
is stopped before the beginning of the next sonication.
Additional MR-thermometry parameters include repeti-
tion time (TR) of 25.17 ms, echo time (TE) of 16.00 ms,
image flip angle (FA) of 18.00 deg, slice thickness of
7 mm, field of view (FOV) of 400 by 300 mm, acquisition
matrix of dimension 192 × 143, and scan percentage of
99.3. A multishot echo planar imaging (EPI) sequence
with an EPI-factor of 11 utilizing these parameters was
used to obtain thermal maps with dynamic (6 slices)
acquisition time of approximately 2.57 s resulting in
each slice having reconstructed pixel spacing of 2.083
by 2.083 mm.The temperature maps were embedded in
a 192 × 192 matrix with pixels outside of the FOV being
assigned a constant baseline temperature.

T2-weighted treatment planning images are acquired
in order to localize patient anatomy prior to focused
ultrasound treatment. The patient lies prone on the MR-
tabletop and is acoustically coupled to the transducer
within the tabletop by a gel pad that sits in water on top
of a thin mylar membrane. MR-imaging scans used to
look for the presence of bubbles within the acoustic cou-
pling media are also performed when deemed neces-
sary to ensure that there are no bubbles present which
could interfere with the treatment. However, sometimes
additional scans are acquired, including repeated T2-
weighted treatment planning scans during treatment if
the patient has moved.

After anatomical scans have been completed, using
the treatment planning system graphical interface, the
clinician then places treatment cells. The transducer is
positioned by the system using a combination of elec-
tronic and/or mechanical steering based on the cho-
sen location and orientation of the treatment cell. A

low-power test sonication is performed to verify target
accuracy on the first treatment cell of each cluster, but
may be performed on other cells as well. The treatment
planning system then calculates a spatial heating off-
set based on the temperature distribution resulting from
the test sonication measured by MR-thermometry. The
transducer is then moved in an attempt to counteract
the heating offset by an amount termed the misregistra-
tion correction. The misregistration correction can also
be defined manually by the clinician. Multiple therapeu-
tic sonications (sonications intended to cause thermal
ablation) are often performed following a test sonication
yielding a satisfactory result. Thermal dose distributions
are calculated from the MR-thermometry temperature
maps, which are used along with the temperature dis-
tributions to help make treatment parameter decisions,
e.g., to define the position, size, and power level of a fol-
lowing treatment cell. A sonication may be stopped by
the patient or clinician administering the treatment, as
well as by the treatment system software.

In order to assess the outcome at the end of the
treatment, the non-perfused volume resulting from
the ablative procedure is visualized by acquiring Gd
contrast-enhanced post-treatment T1-weighted images.

2.3 Phantom validations

2.3.1 Phantom experiment

A phantom experiment was performed to validate the
simulation model in a phantom geometry, as well as val-
idate the calculation used to determine transducer ele-
ment phases for the simulations via backpropagation
using the parameters in the log together with parameters
in the treatment planning system configuration files (see
Figure S1 and the text in Supporting Information). The
phantom used in the experiment was provided by Philips
Sonalleve for purposes of performing quality assurance
prior to clinical treatments and to the best of the authors’
knowledge consists of an undisclosed proprietary mate-
rial.No gel pad was used in the phantom experiment and
the phantom was placed sitting in water directly on top
of the membrane covering the oil that the transducer is
immersed in. Sonications were performed at several dif-
ferent depths illustrated in Figure 1.

2.3.2 Phantom simulations

The simulation pipeline consisting of acoustic, thermal,
and MR thermometry simulation (described in the
following section) was validated by implementing it on
sonications performed in the phantom experiment. Son-
ications were simulated at four different depths in the
phantom. The notable difference between the simula-
tion workflow for a phantom sonication versus a patient
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(a) (b)

(c)

F IGURE 1 (a) Phantom experiment geometry with depths of treatment cell positions (targets) shown as they appear on the treatment
planning system. (b) The anterior–posterior (AP), right–left (RL), and foot–head (FH) coordinates of the location of the simulated and
experimental thermal dose distribution centers of mass as well as the treatment cell position (target). (c) Peak temperature curves of the
simulated and experimental MR-thermometry sagittal slices as a function of time

sonication was that there were only two different media
(oil and phantom material) in the phantom simulation
model and thus for each phantom sonication the veloc-
ity used to determine the pressure was calculated using
only one contour (the phantom-membrane contour sep-
arating the phantom from the oil in the layered model).
The velocity used to determine the pressure within the
phantom was then calculated on an area of this contour
sufficiently large to intersect with the normal vectors
of transducer elements. The speed of sound of the
phantom used in the simulations was 1540 m s–1. The
attenuation of the phantom used in the simulations was
5.755 Np m–1 MHz–1. While absorption estimates of
phantoms have been demonstrated in the literature,38

the absorption coefficient of the phantom in the simula-
tions was taken to be the value of attenuation as this is
consistent with the simulation methodology used in the
patient treatments.The values of these parameters pro-
vided by the vendor (Philips Sonalleve) for the phantom
are 1540 ± 10 m s–1 and 0.5 ± 0.05 Db cm–1 MHz–1. A
parameter value of 1050 kg m–3 from the configuration
was used for the density of the phantom as the density
of the phantom was reported as unknown by the vendor
(Philips Sonalleve). The thermal conductivity and heat
capacity of the phantom are unknown and are assumed
to be values used for muscle in simulations, namely
0.4975 W m-1 K-1 and 3565 J kg–1 K–1. The perfusion
parameter in the phantom simulations was set to zero
as the phantom experiment did not have perfusion.

The thermal conductivity of the phantom was esti-
mated by using a technique similar to that of Zhang

et al.39 for five phantom sonications for purposes of ver-
ifying that the thermal conductivity parameter used in
the phantom simulations is valid.While theoretical back-
ground of the technique is explained elsewhere,40 the
implementation will be described briefly. Temperature
rise data from the central coronal MR-thermometry slice
acquired at timepoints during cooling after sonication is
fit to a two-dimensional spatial Gaussian distribution of
the form

G (x1, x2) = ae−
(x1−b1)2

2𝜎2 e−
(x2−b2)2

2𝜎2 . (1)

The thermal conductivity estimate is calculated via

𝜅 =

(
𝜌C
2

)
d𝜎2

dt
, (2)

where ρ and C denote the density and the heat capac-
ity, and the value of d𝜎2∕dt is taken to be the slope of
the regression line obtained by fitting σ2 as a function
of time. The two-dimensional Gaussian fitting was per-
formed with MATLAB R2015a using lsqnonlin with vari-
ables a, b1, b2, and σ all being fitting parameters. The
initial values for the fitting were defined as peak tem-
perature for a; location of peak temperature for the pair
of variables b1 and b2; and a value of 1 voxel for σ. The
cooling intervals were defined to start at the slice follow-
ing peak temperature and consisting of 16 slices were
38.6 s long. This implementation resulted in a median
value of 0.557 W m–1 K–1, a range of 0.529–0.773 W
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m–1 K–1, and a mean ± SD of 0.628 ± 0.121 W m–1

K–1. These results justify using the thermal conductivity
value of muscle in the phantom simulations considering
that it is very close to the median estimated value and
furthermore that varying thermal conductivity within the
range of estimates is unlikely to have a substantial effect
on the results of Figure 1.

2.4 Description of simulations

A total of N = 67 sonications were simulated using
acoustic and thermal models and compared to treat-
ment results. The sonications were selected from the
treatment data of seven UF patients included in this sim-
ulation study. While sonications are performed on treat-
ment cells, more than one sonication potentially having
different parameters (e.g., power) can be performed
on the same treatment cell. The treatment cell sizes
on which these sonications were performed ranged
from 4 to 16 mm in diameter. Lengths of treatment cells
having diameters of this range were estimated using
the treatment planning system graphical user interface
and ranged from approximately 10 to 35 mm. For details
about sonication parameters, see Table S1.

2.4.1 Simulation geometry, patient
anatomy, and coregistration

The size of the transducer elements and their coor-
dinates were obtained from the configuration file of
the treatment planning system. These parameters were
then used to construct the surface geometry of the
transducer at approximately six points per wavelength
using the speed of sound of (mineral) oil defined in
the configuration files of the treatment planning system.
This surface geometry was used in the acoustic model
as described in the section titled ‘‘Workflow of a Simu-
lated Sonication.’’

Patient anatomy for simulation geometries was
derived from T2 weighted MR treatment planning
images by segmenting the images manually.33 The
anatomical layers that were segmented manually are
the fat, abdominal muscle, and the tissues posterior of
the abdominal muscle consisting generally of uterus
and fibroid taken together. The skin was segmented by
creating a contour anterior of the boundary between the
skin and the fat by adding 2 mm. The gel pad was seg-
mented by adding 15 mm to the outer boundary of the
skin. In some areas where MR artifacts could visually
be identified, interpolations were performed. In cases
where the MR treatment planning image set did not
cover a sufficient amount of the skin–fat layer, extrapo-
lations were performed. The medium anterior of the gel
pad was modeled using the parameters of mineral oil in
the configuration files of the treatment planning system.

The patient geometry that was derived from treatment
planning images was used in both acoustic and thermal
simulations. In cases of multiple T2-weighted scans, the
scan acquired most recently before a given sonication
was used to derive the simulation geometry for the son-
ication.

The transducer geometry and patient anatomy were
coregistered to the coordinate system of the scanner.
The parameters from the treatment planning system
log files were used to determine the position of the
transducer for each sonication in the scanner coordi-
nate system of the treatment planning system. The
misregistration correction was incorporated into the
positioning of the transducer in the simulations: Accord-
ing to the log files, the transducer position was shifted by
the amount indicated by the misregistration correction
so the simulated position of the transducer was also
shifted in an effort to do the modeling with the trans-
ducer in the same position as in the treatments, e.g., if
the transducer was shifted anteriorly by the amount due
to the misregistration correction then so was the sim-
ulated position of the transducer. The patient anatomy
was coregistered to the scanner coordinate system by
an affine transformation derived from coordinates of
points in both image and scanner coordinate systems.
The coordinates’ tool of the treatment planning system
was used to determine the values of the coordinates
while in the orthogonal and/or transducer view.

2.4.2 Description of acoustic model

The Rayleigh–Sommerfeld integral is a widely accepted
model used for the propagation of ultrasound. As
described in the literature,32,34,41–43 it can be used to
model the propagation of ultrasound through layered
media, taking into account attenuation, reflection, and
refraction. Fan’s model43 uses the Rayleigh integral and
the numerical approach by Zemanek42 in a two-step pro-
cedure. First, the velocity at a boundary between two
layers is calculated using the velocity of the previous
boundary with the first boundary being the transducer,
via

u (r) =
ik
2𝜋 ∫

S

usrc
(
r ′
) e−ikcR

R

(
1 − i

1
kR

)
Tcos (𝜃t) ds,

(3)

where kc = k − i𝛼 is the complex wave number of
the medium with attenuation coefficient 𝛼, r ′ is the
position vector on the surface element having a veloc-
ity usrc and area ds, r is the position vector on the
surface element whose velocity is to be calculated,
R = |r − r ′|. T is the particle velocity transmission
coefficient calculated as

T =
2𝜌1c1 cos (𝜃i)

𝜌2c2 cos (𝜃i) + 𝜌1c1 cos (𝜃t)
, (4)
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where 𝜌1c1 and 𝜌2c2 denote the characteristic acoustic
impedances of the media on the incident and transmit-
ted sides, respectively. The angles 𝜃i and 𝜃t respectively
are the incidence and transmission angles referenced to
the normal vector of the surface on which the velocity is
being calculated. Second, the pressure within a layer is
calculated using the velocity at its anterior boundary via

p (r) =
ik𝜌c
2𝜋 ∫

S

e−ikcR

R
uds, (5)

where r is the position vector of the point at which the
pressure is to be calculated,and 𝜌 and c respectively are
the density and the speed of sound of the medium. For
points that are very close to the boundary, the pressure
field was calculated via

p (r) =
ik𝜌c
2𝜋 ∫

S0

e−ikcR

R
uds −

k
kc
𝜌c |u| [e−ikc𝜀 − 1

] |S𝜀
,

(6)

where the surface S is divided into S0 for R > 𝜀

and S𝜀 for R ≤ 𝜀, for 𝜀 =
√

ds∕𝜋.33

Results of acoustic simulations utilizing the Rayleigh
integral have been compared with acoustic fields
obtained from experiments in multiple studies,34,35,43–48

including fields generated by a single element trans-
ducer in layered media,43 electronically steering the
focus of a flat phased array,48 and by applying vari-
ous phase distributions on phased arrays including a
256-element spherically curved sparse array.47 An
experimental validation of Rayleigh simulation method-
ology utilizing a 256-element phased array trans-
ducer yielded good geometric agreement in intensity
profiles.47.

2.4.3 Description of thermal and thermal
dose models

The Pennes bioheat transfer equation is widely used
throughout the literature to model temperature distri-
butions.33,49 Using the absorbed power density Q(r, t)
as the heating source term, the temperature distribution
resulting from sonication is calculated according to

𝜌C
𝜕T (r, t)
𝜕t

= ∇ ⋅ [𝜅∇T (r, t)] − 𝜔b𝜌bCb [T (r, t) − Tb]

+Q (r, t) . (7)

The first and second terms on the right side of the
equation describe the heat transfer by thermal conduc-
tion and blood perfusion, and the third describes the
contributions of the heat source. In this equation, 𝜌, C,

and 𝜅 denote the density,heat capacity,and thermal con-
ductivity of the tissue, respectively. The parameters 𝜔b,
𝜌b, and Cb denote the perfusion rate, density, and heat
capacity of the blood, respectively. For convenience, as
literature values of perfusion are often defined in terms
of kg m–3 s–1, to accommodate these units the parame-
ter 𝜔 shall be defined as 𝜔 = 𝜔b𝜌b. The parameters ρb
and Cb were set to have values of 1050 kg m–3 and 3850
J kg–1 K–1, respectively. The absorbed power density Q
can be calculated from the pressure p via Q = 𝛼p2∕𝜌c ,
where 𝛼 and c are the absorption coefficient and speed
of sound of the medium, respectively.

To predict ablated volumes, one may use the Dewey–
Sapareto thermal dose formalism,50,51 which is defined
as

t43 =

tfinal∑
t = 0

R43−TΔt, with R =

{
0.25 for T < 43◦C
0.5 for T > 43◦C ,

(8)

where T is the time-averaged temperature during a
sufficiently small time interval Δt and t43 denotes equiv-
alent minutes at 43◦C. In the simulations, the initial body
temperature was set to 37◦C which was also used as
the initial temperature value for calculating the thermal
dose.

2.4.4 Workflow of a simulated sonication

For each simulated sonication, the velocity and pressure
distributions were calculated using the layered model
described earlier, which was then used to obtain the
absorbed power density distribution for one target focal
point on each circular trajectory. The surface velocities
on the transducer elements were initially set to have
magnitude 1,and taking into account beam steering, the
phases of the velocities on the transducer were calcu-
lated using a speed of sound value of 1540 m s–1 found
in the treatment planning system configuration file, by
back-propagating from a target point calculated by using
treatment parameters of the treatment planning system
log and configuration files. The absorbed power den-
sity fields of the remaining points on the circular tra-
jectory were obtained by rotation. For example, given a
treatment cell with 12 mm diameter having three circu-
lar trajectories, the absorbed power density would be
calculated for three points and those of the remaining
points are obtained by rotation.The acoustic simulations
were computed using numerical integration (discretiza-
tion strategy reported in the Supporting Information)
with velocity and pressure simulations calculated on
GPU (Tesla C2070) and CPU (2 processors, Intel Xeon
CPU E5-2630 v3 at 2.40 GHz) implementations, respec-
tively. To take into account the acoustic power used
to drive the transducer, the resulting absorbed power
density fields were scaled based on the nominal power
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TABLE 1 Parameters of media used in simulations

Parameter∖Medium Mineral Oila Waterb (gel pad) Skinb Fatb Muscleb Uterus/fibroid

c (m s−1) 1426 1500 1645 1445 1569 1614b

ρ (kg m−3) 1070 1000 1200 921 1138 1052b

α (Np m−1 MHz−1) 0 2.88×10−4 40.0 7.0 9.0 1.2c, 4.9d, 8.6b,e

ωb (s−1) N/A 0 5.83×10−4 5.0×10−4 3.97×10−4 1.8×10−3 b,f

κ (W m−1 K−1) N/A 0.615 0.3766 0.248 0.4975 0.5b

Cp (J kg−1 K−1) N/A 4180 3410 2490 3565 3434b

a1426 m s−1 and 1070 kg m−3 are values from treatment planning system configuration.
bEllens and Hynynen.33

cSiddiqi et al.52

dAverage of 1.2 and 8.6.
eWithin a subset of six sonications, fibroid absorption was varied to take on additional values as described in more detail in Section 2.4.5.
f Within a subset of 22 sonications, fibroid perfusion was varied to take on additional values as described in more detail in Section 2.4.5.

value in the treatment planning system log files by
multiplying by

|u0|2 = Pnominal
1

2
𝜌oilcoilATransducer

. (9)

The tissue parameters used can be found in Table 1.
The pressure and absorbed power density fields were
calculated using three values of fibroid absorption
(described below). The gel pad was modeled having
parameters of water.

The temperature rise resulting from the sonication
was calculated on a Tesla C2070 graphics processing
unit (GPU) using a finite difference time domain solver
implementation similar to the one described by Ellens
and Hynynen33 written in C/C++ using Compute Uni-
fied Device Architecture (CUDA).Practically,with the cur-
rent implementation the combined acoustic and thermal
simulation of a sonication with one set of parameters
is on the order of hours possibly taking up to a day
or more.

In order to be able to make a meaningful compari-
son of simulated temperature distributions to the clinical
MR thermometry slices, the simulated temperature dis-
tribution was processed into simulated MR-thermometry
slices as described by Enholm et al.36 The slices at each
timepoint were obtained from the simulated tempera-
ture distribution at the particular timepoint without tem-
porally averaging the simulated temperature distribution
as a function of time. The sampling interval of the sim-
ulated MR-slices was set to 2.57 s to coincide with the
sampling interval of slices acquired during treatments.
The voxel dimensions of the slices were set to 2.083
by 2.083 by 7 mm to match the ones used in the clini-
cal slices.For each sonication,a simulated coronal stack
and sagittal slice were placed at the treatment cell posi-
tion to approximately match the location of slices of clin-
ical patient treatment.While there was some uncertainty
regarding the relative positioning of the transducer, MR-
thermometry slices, and treatment cell position relative

to each other involving the misregistration correction,the
effects of this uncertainty on the results of interest were
not substantial enough to alter the key findings. This is
based on an estimate obtained by incorporating an addi-
tional set of simulated MR-thermometry slice positions
into the analysis of simulated MR-thermometry data in
which the coronal stack and sagittal slice were placed
at the treatment cell position with the misregistration cor-
rection value added to it (see Figures S9,S10,and S11).
More detailed information involving the calculations of
absorbed power density, thermal simulations, and MR-
thermometry simulation are provided in the Supporting
Information.

2.4.5 Description of simulation datasets
regarding variation of tissue parameters

To evaluate simulation accuracy compared to treatment
results, all 67 sonications selected to be simulated in
this study were simulated using three values of fibroid
absorption namely 1.2,52 8.6,28,32,33 and 4.9 (average)
Np m–1 MHz–1 while holding fibroid perfusion at a con-
stant value of 1.89 kg m–3 s–1.33 Unless otherwise
stated, the results throughout this paper utilized this
value of fibroid perfusion.

To perform exploration of the effects of perfusion a
smaller subset of sonications was selected. To study
perfusion effects, varying levels of fibroid perfusion
up to 100 kg m–3 s–1 were simulated for N = 22
sonications from treatments of three patients (Fig-
ure S5). These sonications were a subset of the 67
sonications. N = 15/22 sonications (6 of which were
performed in treatment of Patient 2, and 9 in treatment
of patient 6) were simulated with an absorption value
of 8.6 Np m–1 MHz–1 and perfusion values of 1.86, 10,
and 100 kg m–3 s–1. N = 5/22 sonications (all 5 of which
were from the treatment of patient 3) were simulated
with absorption values of 8.6 and 1.2 Np m–1 MHz–1,
and for both absorption values perfusion was varied to
take on values of 1.86, 10, and 100 kg m–3 s–1. The
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remaining N = 2/22 sonications were from the treatment
of Patient 2, and were simulated with an absorption
value of 1.2 Np m–1 MHz–1 and perfusion values of
1.86 and 10 kg m–3 s–1.

To further study absorption, simulations using addi-
tional fibroid absorption values of 6.8, 9.8, 11.0, 13.3,
18.0 Np m–1 MHz–1,30,31 while holding fibroid perfusion
at a constant value of 1.89 kg m–3 s–1 were run for
N = 6 sonications for which a fibroid absorption value
of 8.6 Np m–1 MHz–1 did not show a high degree of
heating when compared to patient treatment results. As
fibroid absorption was varied, fibroid attenuation was
also varied to take on the same value as absorption.The
anterior–posterior (AP) coordinates of the treatment cell
positions (depth) of these sonications spanned from
66.7 mm to 79.6 mm.These sonications were performed
in the treatments of Patient 2 (N = 2), patient 4 (N = 1),
patient 6 (N = 2), and patient 7 (N = 1).

2.5 Patient treatment sonication data
workflow

For each sonication, MR-thermometry slices are calcu-
lated and processed by an algorithm pipeline of the
sonalleve system from phase map acquisitions. In an
effort to remove noise and artifacts in regions beyond
the focal volume of the patient treatment and experi-
mental phantom MR-thermometry slices, for each son-
ication a region containing the focal volume was first
defined manually, and then that region was cropped out
of all the MR-thermometry slices associated with the
sonication.The cropped regions of the patient treatment
and experimental phantom sonication MR-thermometry
slices were used for the calculations described in this
and the following section. This cropping procedure was
not performed for the simulated MR-thermometry slices.

Thermal dose slices were calculated from both sim-
ulated and clinical MR-thermometry slices via the
Dewey–Sapareto dose formalism using linear interpola-
tion in time points between consecutive slices occurring
2.57 s apart to obtain a finer temporal discretization with
dt = .0257 s. In the patient treatments, the initial body
temperature was set to a value of ear temperature of
the patient measured before treatment. These tempera-
ture values for patients 1 to 7 were 37.1,37.6,37.2,37.3,
36.5, 35.5, and 36.7 ◦C, respectively. These values were
used as the initial temperature value for calculating ther-
mal dose from the patient treatment MR-thermometry.

2.6 Comparison of clinical data to
simulation results

The spatial accuracy of simulated sonications was
assessed by comparing the AP, right–left (RL), and foot–
head (FH) coordinates of the centers of mass of the

thermal dose distributions of the last simulated and last
treatment thermal dose slice.The assessment of the AP
coordinates was performed on the sagittal slice, while
the assessment of the RL and FH coordinates was
performed on the central coronal slice. The 240EM43
thermal dose distribution contours were calculated from
both the last simulated and last clinical thermal dose
slice,thus taking into consideration the MR-thermometry
slices at all of the previous time points.

To assess the accuracy of the simulations pertain-
ing to the magnitude of temperature rise, two metrics
were used: peak temperature curves as a function of
time evaluated using the sagittal slice of simulation and
of treatment as well as thermal dose threshold volume
sizes. The 240EM43 focal volume thermal dose distribu-
tion sizes were compared by comparing the 240EM43
thermal dose focal volumes obtained via voxel summa-
tion of clinical and simulated coronal slices.

3 RESULTS

3.1 Phantom data

The depths at which sonications were performed for the
phantom validation of the simulation pipeline are illus-
trated in Figure 1a. Results of implementing the simu-
lation pipeline are shown in Figures 1b,c. The treatment
cell position and thermal dose centers of mass of simu-
lation and treatment all remained within about 1 voxel
of each other both in the FH and RL directions. The
misregistration correction values of the phantom son-
ications corresponding to these results are zero. This
figure demonstrates that simulations are able to model
the temperature rise magnitude and location of the ther-
mal focus with good agreement in the phantom.

3.2 Evaluation of simulation accuracy
compared to patient treatment results
using three values of fibroid absorption

Simulated 240EM43 thermal dose distributions coregis-
tered with patient anatomy and the last thermal dose
slice along with the corresponding peak temperature–
time curves of the sagittal slice are shown in Figure 2 for
a sonication for which the simulation results of coronal
240EM43 thermal dose volume sizes and sagittal tem-
perature curves both provide approximate bounds for
the patient treatment results.This sonication utilized tra-
jectory times of 18.8 and 26.1 s for the first and sec-
ond trajectories respectively which can be seen as the
changes in slopes of the temperature curve.

The coordinate-wise differences between the simu-
lated and measured thermal dose center of masses are
shown in Figure 3 for N = 67 sonications. The results
show that in most cases the focus location can be
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F IGURE 2 Simulated 240EM43 thermal dose distributions coregistered with patient anatomy and the last thermal dose slice along with the
corresponding peak temperature–time curves of the sagittal slice. The blue, green, and red volumes denote simulations with values of alpha of
1.2, 4.9, and 8.6 Np m–1 MHz–1, respectively, while the white denotes the 240EM43 region calculated from the clinical MR-thermometry slices. All
voxels shown are 2.1 by 2.1 mm. Top-left: posterior coronal slice showing a location of sonication with respect to patient anatomy. Top-right: a
zoomed-in section of the coronal slice shown on the top left. Bottom-left: sagittal slice showing the location of the sonication with respect to
patient anatomy. Bottom-middle: a zoomed-in section of the sagittal slice. Bottom-right: sagittal peak temperature–time curve which corresponds
to the simulated and calculated thermal dose distributions shown in this figure

accurately predicted by the simulations with the aver-
age error ± one standard deviation of 2.7±4.1 mm, –
0.7±2.0 mm, and 1.3±1.2 mm in the AP, FH, and RL
directions, respectively.

Ratios of sagittal MR-thermometry peak temperature
rise of simulation to patient treatment averaged over
sonications within individual patient treatments as well
as throughout patient treatments are shown in Table 2.
These simulations utilized a perfusion value of 1.89 kg
m–3 s–1.The data in the top part of the table correspond
to the time of the second simulated MR-acquisition at
which time none of the sonications have yet switched
trajectories from the innermost trajectory.The data in the
bottom part of the table correspond to the time of the
last simulated MR acquisition before the end of simu-

lated sonication.The first timepoint provides a means for
evaluating effects due to absorption as it is early in the
sonication,where perfusion effects are generally speak-
ing not substantial53 and the sonications are all being
performed on the same (innermost) sonication trajec-
tory. The second time point allows one to assess the
practical cumulative effects on temperature rise occur-
ring over the entire duration of the sonication also due
to perfusion as well as variability over sonication trajec-
tories and durations from sonication to sonication. The
timepoint of the end of sonication generally varies from
sonication to sonication (e.g., since a substantial por-
tion of the sonications are feedback sonications).These
timepoints have a mean ± SD of 23.99 ± 10.21 s and a
range of 5.14–43.69 s. The timepoints refer to time after
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TABLE 2 Top: Temperature rise ratio (mean ± SD) of simulation to treatment at the time of second simulated MR-acquisition (5.14 s after
the beginning of simulated sonication). Bottom: Temperature rise ratio (mean ± SD) of simulation to treatment at the time of last simulated
MR-acquisition before end of sonication (timepoints have mean ± SD of 23.99 ± 10.21 s and range 5.14−43.69 s)

Absorption
coefficient Patient [number of sonications]
(m−1 MHz−1) 1 [11] 2 [16] 3 [5] 4 [9] 5 [3] 6 [13] 7 [10] All [67]

8.6a 1.44 ± 0.39 1.29 ± 0.42 2.52 ± 0.66 1.23 ± 0.33 2.32 ± 0.49 1.18 ± 0.38 1.16 ± 0.26 1.40 ± 0.55

4.9b 1.14 ± 0.30 1.17 ± 0.37 2.15 ± 0.59 1.08 ± 0.30 2.04 ± 0.43 1.06 ± 0.40 1.00 ± 0.22 1.22 ± 0.48

1.2c 0.39 ± 0.10 0.46 ± 0.14 0.79 ± 0.23 0.41 ± 0.11 0.77 ± 0.16 0.42 ± 0.19 0.37 ± 0.08 0.46 ± 0.19

(m−1 MHz−1) 1 [11] 2 [16] 3 [4] 4 [9] 5 [3] 6 [13] 7 [10] All [66]

8.6 1.56 ± 0.36 1.38 ± 0.49 3.73 ± 1.10 1.38 ± 0.39 1.46 ± 0.14 1.22 ± 0.20 1.15 ± 0.20 1.49 ± 0.71

4.9 1.23 ± 0.27 1.24 ± 0.40 3.18 ± 0.93 1.21 ± 0.35 1.25 ± 0.11 1.08 ± 0.21 0.97 ± 0.15 1.28 ± 0.60

1.2 0.42 ± 0.09 0.47 ± 0.15 1.16 ± 0.33 0.45 ± 0.13 0.45 ± 0.04 0.41 ± 0.11 0.35 ± 0.05 0.47 ± 0.22
aKeshavarzi et al.,28, Liu et al.,32, Ellens and Hynynen.33

bAverage of 1.2 and 8.6 m−1 MHz−1.
cSiddiqi et al.52

F IGURE 3 The coordinate-wise differences between the
simulated and measured thermal dose center of masses are shown
for N = 67 sonications. For example, a positive value for an AP
displacement means that the simulation resulted in a thermal dose
center of mass posterior of the treatment. The values of absorption
and perfusion used were 4.9 Np m–1 MHz–1 and ω = 1.89 kg m–3 s–1

the beginning of simulated sonication (see Supporting
Information for details involving temporal coregistration
of MR-thermometry dynamics).

A linear regression and scatter plot of the 240EM43
thermal dose volumes of 67 sonications of patient
treatments and simulations utilizing a fibroid absorption
value of 4.9 Np m–1 MHz–1 are shown in the top panel

TABLE 3 Regression slopes and correlation coefficients of
thermal dose volumes of patient treatment vs. simulation for various
threshold values

Absorption
coefficient
(m−1 MHz−1)

Thermal dose
volume threshold
value (EM43)

Regression
slope

Pearson
correlation
coefficient

4.9 5 1.29 0.79

4.9 18 1.24 0.73

4.9 30 1.21 0.70

4.9 240 0.77 0.56

8.6 5 1.04 0.79

8.6 18 0.97 0.74

8.6 30 0.93 0.72

8.6 240 1.04 0.54

of Figure 4. The slope of the regression line is 1.04 and
the correlation coefficient is 0.54.The corresponding lin-
ear regression analysis on the simulation data where
a fibroid absorption value of 8.6 Np m–1 MHz–1 was
used yielded a slope of 0.77 and a correlation coeffi-
cient of 0.56. The 240EM43 volumes of simulations uti-
lizing a fibroid absorption value of 1.2 Np m–1 MHz–1

and a perfusion value of 1.89 kg m–3 s–1 were zero
for 60 of the 67 sonications so neither regression nor
Bland–Altman analyses are shown for this value of
fibroid absorption (see Supporting Information).Regres-
sion slopes and correlation coefficients of thermal dose
volumes of patient treatment versus simulation for var-
ious other threshold values used in the literature24,3,33

can be found in Table 3.
A Bland–Altman plot with ratios of 240EM43 volumes

of simulations utilizing a fibroid absorption value of
4.9 Np m–1 MHz–1 to treatment of N = 54 sonica-
tions each having a patient treatment 240EM43 volume
greater than 2 voxels is shown in the bottom panel of
Figure 4.The dashed lines in the plot represent the limits
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F IGURE 4 Top: a linear regression and scatter plot of the 240EM43 thermal dose volumes of 67 sonications of patient treatments and
simulations utilizing a fibroid absorption value of 4.9 Np m–1 MHz–1. Bottom: a Bland–Altman plot with ratios of 240EM43 volumes of
simulations to treatment as a function of the average of the two quantities of N = 54 sonications each having a patient treatment 240EM43
volume greater than 2 voxels. The limits of agreement are mean ratio ± 2 standard deviations

of agreement,mean ratio ± 2 standard deviations of the
ratios of simulation to treatment 240EM43 thermal dose
volumes. The values of the mean ratio, lower and upper
limits of agreement are 0.83, –0.41, and 2.08 respec-
tively for the simulations utilizing a fibroid absorption
value of 4.9 Np m–1 MHz–1. Performing the correspond-
ing Bland–Altman analysis on the simulations utilizing
a fibroid absorption coefficient of 8.6 Np m–1 MHz–1

yielded mean ratio, lower and upper limits of agreement
values of 1.20, –0.45, and 2.84, respectively. Of the 67
sonications simulated and compared to patient treat-
ment, the 240EM43 patient treatment volumes in voxels
were zero for eight sonications,one for three sonications,
and two for two sonications, leaving N = 54 sonications
having a patient treatment volume greater than 2 voxels.
Five of the eight sonications having patient treatment
240EM43 volumes of 0 voxels had simulated 240EM43
volumes of 0 voxels when utilizing fibroid absorption val-
ues of 4.9 and 8.6 Np m–1 MHz–1, leaving three soni-
cations with simulated 240EM43 volumes greater than
zero voxels when utilizing either of the aforementioned
absorption values.

3.3 Variation of perfusion

The effect of perfusion on center of mass (of thermal
dose distribution) was assessed. When comparing the
AP location of the center of mass of a thermal dose
distribution of the sagittal slice of a sonication simu-
lated using a value of perfusion of 1.89 kg m–3 s–1 to
that of a higher value, the results demonstrated that

perfusion changes had only a small impact on the ther-
mal dose location (see Figure S2 and text in Supporting
Information for details). For example, the effect sizes of
varying perfusion for simulations utilizing a fibroid
absorption value of 8.6 Np m–1 MHz–1 on changes in
displacements remained under 1 voxel. The analogous
comparison for the FH and RL displacements yielded
values less than 1 mm in all simulations in which perfu-
sion was varied.

Effects of varying perfusion and absorption on tem-
perature rise are shown in Figure 5 for N = 20 son-
ications using the same timepoints that were used in
Table 2. The results of individual patients demonstrate
that fibroid absorption appears to vary from patient to
patient, while perfusion alone cannot explain the degree
of low clinical heating exhibited by patient 3:First,patient
3 shows the best agreement with a fibroid absorption
value of 1.2 Np m–1 MHz–1 unlike patients 2 and 6,
where results show better agreement with higher values
of fibroid absorption. Second, varying perfusion while
using a higher value of fibroid absorption in patient 3
is unlikely to bring the results into a good agreement. In
the two sonications of patient 2 simulated using absorp-
tion value of 1.2 Np m–1 MHz–1 in which perfusion was
varied, changing perfusion from 1.89 to 10 kg m–3 s–1

resulted in simulated max temperature differences dur-
ing heating of at most 1.23 ◦C.

Peak temperature–time curves of the sagittal MR-
thermometry slice of simulations utilizing different com-
binations of fibroid perfusion and absorption parame-
ters as well as those of the patient treatment are shown
in Figure 6 for two sonications of patient 3. This figure
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F IGURE 5 Effects of varying perfusion and absorption on temperature rise are shown for N = 20 sonications by using ratios of sagittal
MR-thermometry peak temperature rise of simulation to patient treatment averaged over sonications within individual patient treatments as well
as throughout patient treatments. The averaging was performed at the time of the second simulated MR-acquisition which is 5.14 s after the
start of simulated sonication (left column) and at the time of the last simulated MR-acquisition before the end of sonication (right column)

provides an example of a sonication showing agree-
ment with a fibroid absorption value of 1.2 Np
m–1 MHz–1 (left) as well as an example illustrating that
atypically high values of perfusion may be an important
factor contributing to clinical heating (right). These data
show that perfusion can have an effect on peak temper-
ature curves.

The ratio of the 240EM43 thermal dose volume
of a sonication obtained via simulation by utilizing
a perfusion parameter of 10 kg m−3 s−1 to that
of 1.89 kg m−3 s−1 ranged from 0.61 to 1.00 for
N = 19 of the sonications simulated utilizing an absorp-

tion value of 8.6 Np m−1 MHz−1 (see Figure S8 for
details).

3.4 Variation of absorption

Peak temperature curves and 240EM43 thermal dose
threshold volumes of simulations and treatment as
well as displacements between the centers of mass
of the thermal dose distribution of the sagittal MR-
thermometry slice of simulations and treatment in
the AP direction are shown as a function of fibroid
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F IGURE 6 Peak temperature–time curves of the sagittal MR-thermometry slice of simulations utilizing different combinations of fibroid
perfusion and absorption parameters as well as those of the patient treatment are shown for two sonications of patient 3

absorption for six sonications in Figure 7. As fibroid
absorption was varied from 1.2 to 18.0 Np m–1 MHz–1,
for each sonication these displacements varied by
less than 0.5 mm in the RL direction and by less than
0.6 mm in the FH direction (see Figure S3 for details).
The temperature curves and 240EM43 volumes demon-
strate that the absorption parameter value of 8.6 Np
m–1 MHz–1 appears to produce a degree of heating
that is nearly maximal for all of the sonications. The
simulations not showing a high degree of heating when
compared to patient treatment results in these soni-
cations thus could not be explained by homogenously
varying absorption (along with attenuation) within phys-
iologically reasonable parameter ranges throughout
the entire fibroid while keeping other parameters at
their particular values. It is unlikely that simulations of
these sonications not showing a high degree of heating
compared to treatment results could be explained by
perfusion lower than 1.89 kg m–3 s–1 as perfusion
effects of parameters within such a range are not sub-
stantial during intervals of the order of 10–20 s.53 The
individual sonications illustrate that the acoustic field
at a particular location computed using this particular
model as a function of the parameter alpha is not
monotone increasing but concave down with a relative
maximum dependent of location which is due to using
the same parameter value for attenuation and absorp-
tion.The displacement data show that the location of the
thermal dose center of mass is not strongly dependent
on absorption parameter at least for values between
4.9 and 13.3 Np m–1 MHz–1 but rather suggests that a
posterior shift of the simulated acoustic focus (due to
near-field acoustic parameter related focusing effects)

may have contributed to the shift as well as the lack of
a high degree of simulated heating when compared to
patient treatments.For example, if the differences of the
characteristic acoustic impedances between adjacent
near-field tissues that sound is propagating through
would cause a posterior shift of the focus, one would
also expect the focus to be larger in volume which could
lead to less localized heating.

4 DISCUSSION

This is the first study comparing numeric simulations
with actual clinical MRI-guided FUS treatments of UFs.
The results show that the focal location can be accu-
rately predicted and that the accuracy of the tempera-
ture elevation prediction varies from location to location
in a patient and from patient to patient. This agrees with
the earlier reports showing that the temperature eleva-
tion induced in fibroids was highly variable.3 The sim-
ulations indicate that these variations are due to local
tissue absorption of ultrasound and to a smaller degree
on the blood perfusion in the targeted tissue location.By
adjusting these parameters, the measured temperature
curves could be reproduced.

The degree of spatial accuracy of simulations means
that the simulations show promise in applications of
treatment planning as simulations are accurate to within
several voxels for the majority of cases. In most cases,
displacements in the AP direction were less than 3 vox-
els (for alpha 4.9 and 8.6 Np m–1 MHz–1); and those
in the RL and FH directions were less than 2 vox-
els (Figure 3). The aforementioned displacements are
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F IGURE 7 Peak temperature curves (column 1) and 240EM43 thermal dose threshold volumes (column 2) of simulations and treatment
along with displacements (column 3) between centers of mass of thermal dose distribution of simulation and treatment of six sonications for
which a fibroid absorption value of 8.6 Np m–1 MHz–1 did not show a high degree of heating when compared to patient treatment results are
shown for multiple values of fibroid absorption. In the displacement plots, increasing d is in the posterior direction. Furthermore, a positive value
of AP displacement means that the simulation resulted in a thermal dose center of mass posterior of the treatment

similar in magnitude to the displacements presented by
Kim et al.18 between the thermal dose center of mass
of patient treatment and sonication target. This ability
to predict the location of the hotspot did not strongly
depend on perfusion or ultrasound absorption which
were dominating in determining the temperature eleva-
tion.

The ability to predict temperature elevation was rea-
sonable on average, but there were large variations
from sonication to sonication when fixed tissue parame-
ters were used. The large variation between sonications

is consistent with earlier observations by McDannold
et al.3 However, a good match of individual sonications
could be obtained by tuning the local ultrasound absorp-
tion coefficient of the fibroid.For example,sonications of
the treatment of patient 3 exhibited a low degree of clin-
ical heating. A good agreement between the peak tem-
perature curves of simulations and measurement was
found by utilizing a value of fibroid absorption of 1.2 Np
m–1 MHz–1 (Table 2, Figure 5). We also explored the
question of whether or not it is possible that all of the
fibroids have nearly the same absorption and tuning the
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perfusion rate could be used to achieve a good agree-
ment. The results suggest that while atypically high val-
ues of perfusion may be an important factor contributing
to low clinical heating, perfusion alone cannot explain
the low heating exhibited clinically by patient 3 and that
low absorption has an important role. The aforemen-
tioned agreement between the simulation data utiliz-
ing a perfusion parameter of 1.89 kg m–3 s–1 and a
value of absorption of 1.2 Np m–1 MHz–1 suggests that
there may be UFs having values of fibroid absorption
as low as 1.2 Np m–1 MHz–1. These results (as well as
Figure S4) suggest that absorption is an important tis-
sue parameter to take into account when predicting tem-
perature rise for patient-specific sonication strategies.
The parameter values of uterus/fibroid attenuation uti-
lized in this study are comparable to parameter values
available in the literature in the context of in vivo human
studies.30,31,52

While the peak temperature curves of simulations uti-
lizing values of fibroid absorption of 4.9 and 8.6 Np
m–1 MHz–1 yielded results that were in good agree-
ment with the treatment results of patient 4 for most of
the sonications, two of the sonications which were per-
formed on the same treatment cell position located on
or close to the border/septum of the fibroid showed con-
siderable overheating in simulations compared to that
of treatments of about a factor of 1.5 or more. Visual
inspection of the sagittal MR-thermometry slices of the
patient treatment as a function of time of one of these
sonications revealed a region of cooling shaped like a
vessel within the region of the focal volume heating,
suggesting that cooling due to the presence of a ther-
mally significant blood vessel not accounted for within
the simulations had a contribution to the discrepancy
between magnitudes of heating exhibited in simulations
and treatments (Figures S6 and S7). This is consis-
tent with earlier simulation54 and experimental55 stud-
ies. The data also suggest that this kind of vessel-like
structure seen on the MR-thermometry can cause an
exaggerated thermal dose center of mass displacement
between simulations and treatment in the anterior direc-
tion, as the two outlier data points of AP displacements
of N = 67 sonications of simulations correspond to the
two sonications performed at the location showing this
vessel-like structure (Figure 3).

The 240EM43 thermal dose threshold volumes of sim-
ulations utilizing values of alpha of 4.9 and 8.6 Np
m–1 MHz–1 showed a moderate degree of correlation
to those of the patient treatments. The mean ratios
of simulation to treatment dose volume being within
about 20% and thus showing good agreement on aver-
age, but the degree of spread in the ratios was large
(Figure 4). The regression line of the simulations utiliz-
ing the value of fibroid absorption of 4.9 Np m–1 MHz–1

shows overall agreement with a slight degree of under-
prediction by having a slope close to but slightly over
one while that of the simulations utilizing a value of

fibroid absorption of 8.6 Np m–1 MHz–1 indicates overall
overprediction.

The likely reason for the high degree of spread
in the ratios of the 240EM43 thermal dose threshold
volumes of simulations to those of treatments (e.g.,
Figure 4) is that tissue parameters of absorption, per-
fusion, and thermal conductivity vary as was discussed
above. Some literature also supports that this may be
the case, e.g., while one may consider 10 kg m–3 s–1

to be an upper bound for tumors commonly found in
humans,56 the Pennes perfusion parameter of UFs was
estimated to have a mean ± SD of 11.0 ± 11.6 kg m–3

s–1 with an approximate range of 0 to 30 kg m–3 s–1 by
Dillon et al.25 Estimates of thermal conductivity of UFs
available in the literature indicate that thermal conduc-
tivity of UFs appears to vary. Thermal diffusivity of UFs
was estimated using the heating data of nine low power
sonications in eight UF patients by Dillon et al.25 which,
when converted to thermal conductivity values using the
heat capacity and density values of Table 1 yields val-
ues of κ = 0.77 ± 0.41 W m–1 K–1 (mean ± SD) with an
approximate range of 0.41 to 1.49 W m–1 K–1. Thermal
conductivity of UFs has also been estimated by Zhang
et al.,39 by using the cooling data from 81 high power
(80–200 W) sonications in nine UF patients, to have a
median ± SD of 0.47 ± 0.07 W m–1 K–1 with a range of
0.25–0.67 W m–1 K–1. While the value of thermal con-
ductivity of Table 1 was within these ranges reported in
the literature and may be close on average to that of
the patients, the aforementioned literature values sug-
gest that variation of the thermal conductivity may have
contributed to the spread in the ratios of the 240EM43
thermal dose threshold volumes of simulations to those
of treatments. All of these tissue properties may vary
within a single fibroid.

While the simulations indicate that the variations in
peak temperature elevation are due to local tissue
absorption of ultrasound and to a smaller degree on
the blood perfusion in the targeted tissue location, the
effect on 240EM43 thermal dose threshold volumes due
to varying perfusion can still be substantial (Figure S8)
suggesting that perfusion is also a clinically significant
tissue parameter. Furthermore, quantitative perfusion
estimates obtained via dynamic contrast-enhanced MRI
of one patient exhibiting low clinical heating, obtained in
a study by Suomi et al.,26 suggest that perfusion may
be an important factor in clinical heating. In addition,
practically from a medical perspective, it is also pos-
sible that absorption and perfusion are related in the
sense that if one were to administer a vasoactive drug
such as leuprolide acetate in an effort to reduce per-
fusion within UFs,57 then the biophysical properties of
the tissue could change and manifest as an increase in
ultrasound absorption.A difference between RF-heating
and MRgFUS is that the ultrasound exposures typically
are shorter and thus not dominated by perfusion. Perfu-
sion still has an impact on temperature elevation but not
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as large as during longer exposures used typically in RF-
heating. It is simply proportional to the volume of blood
that is heated when compared with the heated tissue
volume. The longer the heating duration the larger the
blood volume flowing through the heated tissue and the
larger its impact on the temperature elevation.For exam-
ple, in one study, Milic et al.58 when performing radiofre-
quency ablation of UFs, the authors reported a mean
heating cycle duration of 4.4 min which is much longer
than the sonications included in this study (see Table 2).

Unknown tissue-specific properties, which provide an
explanation to low heating as well as off -target heating
at least in some cases,present a challenge that remains
to be addressed. Considering that the model utilizing
constant tissue parameters yielded reasonable agree-
ment with temperature rise and lesion size on average
but was not able to predict these accurately for individ-
ual sonications indicates that with simulations it may be
possible to further improve proposed clinical treatment
strategies59,60 by assessing performance on average33

but currently cannot be used to optimize sonication spe-
cific parameters during treatments due to lack of a pri-
ori knowledge of tissue parameters. In addition, explor-
ing further the effects of varying parameters in the tis-
sue parameter space on simulated treatments as well as
performing a comparison of thermal dose distributions
resulting from simulations of full treatments (all sonica-
tions) to those measured by MR-thermometry as well
as to nonperfused volumes could form an area of future
work. However, performing an in vivo validation of this
simulation model within UF patient geometry involving
the near-field fat and far-field bone is difficult due to the
challenge of monitoring temperature distributions reli-
ably in fat61 and bone.62

Limitations of this study include a small number
of patients and thermometry accuracy. Limitations of
MR-thermometry accuracy include assuming a value of
−0.0094 ppm/◦C for the temperature sensitivity coeffi-
cient (constant of proportionality between phase and
temperature), which being difficult to determine pre-
cisely in vivo exhibits variation between and within
biological tissues62; properties of lipids described in
Stafford and Hazle63; as well as contributions to
uncertainty from noise, small motion artifacts, and
volume-averaging effects.3 Considering that coronal
slice thickness is 7 mm, the partial volume effects
may contribute to error in the 240EM43 volumes. Nei-
ther the phantom simulation nor the phantom exper-
iment had perfusion and thus serve only as a par-
tial validation of the simulation model. Furthermore,
as discussed in Mahoney et al.34 the Pennes bio-
heat equation only approximates the effects of per-
fusion. The perfusion value of 100 kg m−3 s−1 was
selected to represent an atypically high value of per-
fusion in an effort to assess potential effects of
varying UF perfusion. However, as the literature esti-
mates of quantitative fibroid perfusion parameters25,26

are limited to a feasibility study demonstrating an
estimation technique and a case study of one patient
involving low clinical heating, and considering that in
studies involving larger patient sizes20,21 some semi-
quantitative perfusion parameters varied over a range
between one and two orders of magnitude, the least
upper bound of physiological perfusion values of UFs
is difficult to estimate and thus the value of 100 might
be larger than physiological values. Simulation time for
a sonication depends on multiple factors.For the acous-
tic simulations, one factor is the size of the contours
in which velocity is calculated, the choice of which is
influenced by the depth of sonication as well as patient
geometry (in order to have transducer element surface
normal vectors intersect with contours of the layered
model).Another factor is the number of trajectories on a
treatment cell.Thermal simulations depend on the num-
ber of timesteps which depends on the durations of the
trajectories as well as the cooling interval. Other limi-
tations (see Supporting Information) are that the lay-
ered model serves only as an approximation of the
patient anatomy,and that several approximations involv-
ing the treatment device were made in the implemen-
tation of the simulations including uniform velocity of
transducer elements and use of nominal power values in
log files.

5 CONCLUSIONS

As a conclusion, the results of this study suggest that
perfusion, while in some cases having a substantial
impact on thermal dose volumes, has less impact than
ultrasound absorption for predicting peak temperature
elevation at least for this particular array geometry, fre-
quencies, and tissue target which is good for clinicians
to be aware of. While the results of this study suggest
that these simulations show promise in applications for
model-based treatment planning of UF treatments they
also indicate that the temperature elevation or lesion
size induced by individual sonications is not accurately
predicted by the model.While the accuracy of the model
is highly dependent on accurate estimates of acoustic
absorption and perfusion, lesion size is underpredicted
on average by roughly 20% when using values of
4.9 Np m−1 MHz−1 and 1.89 kg m−3 s−1. This indicates
the need for online temperature or tissue coagula-
tion monitoring to assure adequate treatment effects.
The simulations could be approved if the local tissue
properties especially the local ultrasound absorption
coefficient was known. Therefore, it may be possible
to utilize model-based treatments in the future if tissue
parameters can be mapped prior to the treatment with
adequate spatial resolution. Currently, such maps are
not available and thus simulations can only be used for
planning purposes indicating sonication performance on
average.
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