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Purpose: Feasibility of targeted and volumetric hyperthermia (40–45 ◦C) delivery to the prostate with
a commercial MR-guided endorectal ultrasound phased array system, designed specifically for ther-
mal ablation and approved for ablation trials (ExAblate 2100, Insightec Ltd.), was assessed through
computer simulations and tissue-equivalent phantom experiments with the intention of fast clinical
translation for targeted hyperthermia in conjunction with radiotherapy and chemotherapy.
Methods: The simulations included a 3D finite element method based biothermal model, and acous-
tic field calculations for the ExAblate ERUS phased array (2.3 MHz, 2.3 × 4.0 cm2, ∼1000 channels)
using the rectangular radiator method. Array beamforming strategies were investigated to deliver pro-
tracted, continuous-wave hyperthermia to focal prostate cancer targets identified from representative
patient cases. Constraints on power densities, sonication durations and switching speeds imposed by
ExAblate hardware and software were incorporated in the models. Preliminary experiments included
beamformed sonications in tissue mimicking phantoms under MR temperature monitoring at 3 T (GE
Discovery MR750W).
Results: Acoustic intensities considered during simulation were limited to ensure mild hyperthermia
(Tmax < 45 ◦C) and fail-safe operation of the ExAblate array (spatial and time averaged acoustic in-
tensity ISATA < 3.4 W/cm2). Tissue volumes with therapeutic temperature levels (T > 41 ◦C) were
estimated. Numerical simulations indicated that T > 41 ◦C was calculated in 13–23 cm3 volumes
for sonications with planar or diverging beam patterns at 0.9–1.2 W/cm2, in 4.5–5.8 cm3 volumes
for simultaneous multipoint focus beam patterns at ∼0.7 W/cm2, and in ∼6.0 cm3 for curvilinear
(cylindrical) beam patterns at 0.75 W/cm2. Focused heating patterns may be practical for treating
focal disease in a single posterior quadrant of the prostate and diffused heating patterns may be use-
ful for heating quadrants, hemigland volumes or even bilateral targets. Treatable volumes may be
limited by pubic bone heating. Therapeutic temperatures were estimated for a range of physiolog-
ical parameters, sonication duty cycles and rectal cooling. Hyperthermia specific phasing patterns
were implemented on the ExAblate prostate array and continuous-wave sonications (∼0.88 W/cm2,
15 min) were performed in tissue-mimicking material with real-time MR-based temperature imaging
(PRFS imaging at 3.0 T). Shapes of heating patterns observed during experiments were consistent
with simulations.
Conclusions: The ExAblate 2100, designed specifically for thermal ablation, can be controlled for
delivering continuous hyperthermia in prostate while working within operational constraints. © 2014
American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4866226]

Key words: hyperthermia, MR-guided HIFU, endorectal ultrasound, phased array, beamforming,
modeling, simulation
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1. INTRODUCTION

Hyperthermia has been combined successfully with sev-
eral cancer treatment modalities, such as radiation therapy,
chemotherapy, and hormonal therapy, and is known to im-
prove treatment outcomes.1–6 Mild hyperthermia (40–45 ◦C)
can induce direct cytotoxicity in tumors, radiosensitize can-
cer cells by impairing DNA repair mechanisms, and enhance
blood flow in tumor microenvironments to increase tumor
oxygenation and facilitate drug delivery.7 It may also be used
to enhance localized drug delivery8 and gene therapy9 as re-
ported in some recent investigations. Hyperthermia treatment
can be administered by applicators that deliver radiofrequency
energy, microwaves, or ultrasound energy.10–12 These devices
may be designed for extracorporeal placement, intracavitary
or endoluminal deployment, or interstitial or percutaneous
insertion.13–15 Typically, these treatments involve heating tu-
mor targets for 30–60 min duration. For maximum clinical
benefit, uniform temperature profiles are desired within tar-
get volumes, with minimum temperature greater than 40 ◦C
and 6–10 min cumulative thermal dose at 43 ◦C.16–18 Admin-
istering hyperthermia to tumors situated deep inside the body
presents significant clinical challenges such as selective en-
ergy deposition within the tumor while thermally sparing sur-
rounding structures, and sufficient thermometry for reliable
treatment monitoring.19, 20 Such difficulties may be encoun-
tered during hyperthermia delivery to focal cancer targets in
prostate and other organs inside the pelvic cavity.

Endorectal ultrasound (ERUS) transducer arrays have been
investigated for hyperthermia delivery to the prostate and
studies devoted to design and preclinical evaluation of such
devices have been reported.21–26 Clinical studies have demon-
strated feasibility of safe, reliable, and effective application of
prostate hyperthermia with ERUS applicators.27–30 Currently,
MR guided high intensity focused ultrasound (MRgHIFU)

systems are being increasingly utilized for noninvasive or
minimally invasive thermal ablation of soft tissue tumors in
multiple organ sites.31, 32 Typically, these are multielement
phased array applicators capable of delivering ultrasound en-
ergy with precise spatial control. Integration with MRI and
MR thermometry has enabled real-time guidance and moni-
toring of HIFU ablation procedures.33 Endorectal ultrasound
applicators, consisting of phased arrays or multi-sectored de-
vices, have been investigated for delivering hyperthermia un-
der MR guidance and control.25, 26, 34

Recent studies have utilized MR-guided HIFU systems for
enhancement of drug delivery in cancer treatment. This has
been achieved through pulsed mode operation of the HIFU
system,35–37 rapid mechanical,38 or electronic translation39 of
the HIFU focus, or simultaneous multipoint focusing of HIFU
phased array34 to heat small volumes. Enhancement in uptake
of free-flowing35–37 and liposome-encapsulated drug has been
achieved.38–40

ExAblate 2100 (InSightec Ltd., Haifa, Israel) is a commer-
cially available MR-guided thermal ablation system. Several
different ultrasound transducer modules are provided with
this system. They are designed for treating various disease
sites. One such transducer module is an ERUS phased ar-
ray designed for prostate ablation [Fig. 1(a)]. Treatments are
planned using detailed anatomical MR images that facili-
tate identification of target zones, and help in ERUS array
placement and orientation. Based on real time MR temper-
ature imaging (MRTI), the ERUS array can be utilized to
translate (mechanical or electronic scanning) a small HIFU
focal pattern in 3D and perform repetitive ablations to co-
agulate overlapping lesions that cumulatively cover the en-
tire target volume.41, 42 In contrast to HIFU, hyperthermia re-
quires more diffused energy deposition sustained over longer
durations to establish uniform temperature distribution and
sufficient thermal dose within the entire targeted volume.

FIG. 1. (a) MR-compatible ExAblate 2100 endorectal ultrasound phased array (2.3 MHz) ablation system. (b) Illustration showing differences in sonications
patterns required for ablation and mild hyperthermia in the prostate to treat focal cancer lesions. The axial MR scan belongs to the representative patient case
number 1 utilized during patient specific models presented in this paper.
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FIG. 2. (a) Axial MRI scan where the tumor target inside the prostate identified and segmented along with other critical anatomical structures. It belongs to
the representative patient case number 2 utilized during patient specific models presented in this paper. (b) 3D model geometry created from serial axial scans
following segmentation of organs.

Array beamforming and phasing requirements of these
sonications are very different from conventional HIFU expo-
sures [Figs. 1(b) and 2(a)]. Hence, in this study, the feasibil-
ity of protracted hyperthermia to prostate targets (focal tar-
gets, posterior quadrants, and hemigland) with the ExAblate
2100 array was assessed through simulations, modeling, and
preliminary experiments. Operational modifications required
for continuous wave (CW) sonications, unlike previous stud-
ies where pulsed-HIFU was utilized to maintain hyperther-
mic temperatures,35–37 and continuous volumetric multiplane
MRTI was identified within system hardware and software
constraints.

The ExAblate 2100 system is already in clinical tri-
als for prostate ablation.41–43 If it can be successfully
adapted for protracted hyperthermia, it can be potentially
fast-tracked for clinical application. With this motivation,
this initial study employed theoretical and experimental
techniques to identify operational modifications, and as-
sess the feasibility and capability of safe and reliable MR-
guided prostate hyperthermia with the ExAblate 2100 prostate
applicator.

2. METHODS

In this study we utilized computer simulations and ther-
mal dosimetry experiments to assess the feasibility of prostate
hyperthermia with the ExAblate 2100 MR-guided endorectal
ultrasound (MRgERUS) phased array. The simulation studies
consisted of acoustic pressure calculations and array beam-
forming for generating hyperthermia-specific US energy de-
position patterns. Biothermal models were employed to ascer-
tain US-induced heating for the various sonication strategies
considered. Clinical images were used to generate anatomi-

cal geometries and finite element method (FEM) meshes for
representative patient datasets. The initial experiments were
employed to demonstrate implementation of hyperthermia-
specific sonication strategies on the ExAblate phased array
ablation system.

2.A. Acoustic power deposition calculations

Acoustic calculations were performed for the ExAblate
2100 prostate phased array. To ensure realistic modeling, all
array design specifications and details provided by Insightec
Ltd. were incorporated. This included operating frequency
(2.3 MHz), array dimensions (23 × 40 mm2), independent
power channels (∼1000), individual rectangular element size,
proprietary element layout, and electrical connection scheme
which includes clustering of distributed elements to have
same phasing, phase encoding and round-offs, sonication in-
tensities and sonication duration limitations, duty cycles, and
software constraints.

The acoustic pressure field from an individual array ele-
ment was computed using the rectangular radiator method de-
veloped by Ochletree and Frizzel.44 Considering each element
as a simple rectangle-shaped baffled piston source, the cumu-
lative acoustic pressure (p0) generated in a lossless aqueous
medium because of continuous wave excitation of N elements
can be calculated using the following equation:

p0(x, y, z) = jρc�A

λ

∑N

1

un

R
e−jkR

× sin c

[
k(x−xn)�w

2R

]
sin c

[
k(y−yn)�h

2R

]
.

(1)
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In Eq. (1), the phased array transducer is assumed to be in
plane z = 0, ρ is the density, c is the speed of sound, λ is the
wavelength, k is the wave-number, un = |un|×exp(−jϕn) is the
complex particle velocity at the surface of the nth element and
ϕn is the phase angle, �w, �h, and �A are the width, height
and surface area of an element, respectively, xn and yn are the
centers of the nth element, and R = [(x − xn)2 + (y − yn)2

+ z2]0.5. The accuracy of the sinc function approximation in
Eq. (1) is dictated by the expression �w ≤ (4λz/F )0.5. The
calculations discussed above are based on Ref. 44. F refers
to the distance between the ultrasound source and a spatial
point in the field, relative to the distance of nearfield-farfield
transition when the source size is �w.44 A larger value of
F implies greater accuracy in pressure estimation at a given
distance of z but it also requires smaller source size (�w)
and increases the number of computations. For the dimen-
sions of the square array elements and the operating fre-
quency for the array considered in this simulation study, F
always exceeded 151 for a distance greater than 15 mm (ap-
proximate coupling balloon radius for the prostate array be-
yond which acoustic heating occurs). An increase in F val-
ues did not yield substantial changes in the acoustic intensity
calculations.

The acoustic energy (Qac) deposited at a point in the sim-
ulation space is given in Eq. (2).

Qac(x, y, z) = 2 ∝ (x, y, z)
|p0(x, y, z)|2

2ρc

× exp

[
−2z

∫ z

0
μ(z) · dz

]
. (2)

In Eq. (2), |p0| is peak pressure amplitude, α is acous-
tic absorption, μ is acoustic attenuation, ρ is density, and
c is sound speed. An averaged acoustic attenuation was
applied along the ultrasonic beam path. All scattered en-
ergy was assumed to be absorbed locally. 60% transmis-
sion of longitudinal acoustic waves was assumed at the
bone-tissue interface (more details in patient specific mod-
eling that follows later) with reflection, refraction, and shear
wave conversion being neglected.45 Only linear propagation
of acoustic energy was modeled. Modeling constants re-
lated to acoustic properties of tissues have been compiled in
Table I.

2.B. Array beamforming

To modify energy deposition patterns, ERUS elements
were excited with specific phase delay values. As allowed by
the ExAblate system, all elements could be excited using uni-
form acoustic intensity magnitude only. The value of acoustic
intensity depended upon the input power to the entire array.
The phase values were computed based on element position
and focusing characteristics required to generate the requisite
beam patterns. Calculations of phase values did not take into
account tissue attenuation. They employed estimates of phase
angle using the difference in Cartesian distance between the

TABLE I. Constants used in biothermal and acoustic models are tabulated
here. These values have been obtained from Refs. 45, 54, 70, and 71. Phys-
ical and physiological properties of tissue were assumed to be homoge-
neous in generalized models, and varied with tissue type in patient-specific
models.

Parameter Units Value

k (thermal conductivity) W/m/◦C 0.56
0.5 (phantom)

0.5 – 8.0 (range used in
generalized model)
1 (bone)

ωb (blood perfusion) kg/m3/s 2.5 (prostate)
5 (periprostatic tissue)
4 (rectum)
0 (phantom)

Cb (specific heat of blood) J/kg/◦C 3720
C (specific heat of tissue) J/kg/◦C 3600

3500 (phantom)
Tb (body/blood temperature) ◦C 37
c (sound speed) m/s 1500
ρ (density) Kg/m3 1060
f0 (center frequency) MHz 2.3

5.3 (generalized model)
5.3 (prostate)

α (acoustic absorption) Np/m/MHz 6 (rectum)
μ (acoustic attenuation) 5 (periprostatic tissue)

250 (bone)
5.8 (phantom)

center of an array element and focusing position.22, 46 Dif-
ferences in path length as a fraction of wavelength were de-
termined, and the corresponding phase delay was calculated
such that a distance of λ/2 equals ±180◦. These calculated
phase delays were rounded off to match the digital resolution
of the phase shifting hardware (proprietary information) of
InSightec ExAblate system. Attenuation was considered dur-
ing ultrasound power deposition calculations [Eq. (2)]. Phas-
ing schemes investigated in this study are described next. In
this description, azimuth (AZ) refers to dimension along array
length (40 mm), elevation (EL) refers to the dimension along
array width (23 mm), range (RN) or depth refers to orthogo-
nal distance from the array surface. As described in Subsec-
tion 2.A, complex phase refers to � = exp(−jϕ) where ϕ is
called phase angle.

2.B.1. Multipoint focusing

This sonication scheme was explored to selectively heat
small targets, such as localized focal cancer targets located
in the posterior peripheral zone of the prostate (10–15 mm
wide, 1–2 cm3 volume). It consisted of beamforming tech-
niques which simultaneously focused the ERUS array at mul-
tiple (4–8) points [Fig. 3(a)]. Placement of the foci was iden-
tified through an iterative and empirical procedure based on
the representative clinical cases. Representative patient exam-

Medical Physics, Vol. 41, No. 3, March 2014
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(a) (b)

(c) (d)

40.5 oC 

42.0 oC 

40.5 oC 

42.0 oC 

FIG. 3. Conformable hyperthermia to a small focal region in the right quadrant of the prostate containing cancerous tissue. (a) Multifocal pattern (six
simultaneous foci) employed in hyperthermia delivery (plotted SAR contour = 300 W/kg) is overlaid upon 3D anatomical geometry along with tem-
perature on tumor surface. Temperature distribution plotted in (b) axial, (c) coronal, and (d) sagittal planes through target center (I = 0.75 W/cm2,
Tmax = 44.5 ◦C).

ples are discussed in greater detail in Subsection 2.C. Multi-
point focusing was considered for cancer targets located at a
distance of 10–20 mm from the rectal wall and 25–35 mm
from the ERUS array (accounting for ∼15 mm radius of the
cooling balloon). The sonication configurations considered
here had focus points placed ∼35 mm deep and 5–10 mm
transverse distance from the array axis. Optimization of focus
positions was beyond the scope of this study. It has been in-
vestigated for multipoint focusing in Ref. 47. Here, phase
values were first computed for all transducer elements in or-
der to focus the array at each individual focusing point as

shown next.

ϕmn=k · (|Rmn| − |Rn|). (3)

In Eq. (3), ϕmn is the phase angle for the mth transducer
element and the nth focal point, |Rmn| is the distance between
mth transducer element and nth focal point, and |Rn| is the
distance between the nth focal point and center of the trans-
ducer. The complex phase applied to each transducer chan-
nel in order to obtain simultaneous multipoint focusing was

Medical Physics, Vol. 41, No. 3, March 2014
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(a) (b)

(c) (d)

40.5 oC 

42.0 oC 

40.5 oC 
42.0 oC 

FIG. 4. Hyperthermia to a small focal cancer target region in right quadrant of the prostate using curvilinear focusing. (a) Curvilinear focusing (35 mm depth)
pattern (plotted SAR contour = 300 W/kg) is overlaid upon 3D anatomical geometry, along with temperature on tumor surface. Temperature distribution plotted
in (b) axial, (c) coronal, and (d) sagittal planes through tumor center (I = 0.75 W/cm2, Tmax = 44.7 ◦C).

computed using the equation shown next.

�m = 1/N ·
∑N

n=1
e(−jϕmn). (4)

In Eq. (4), N is the total number of simultaneous foci and
j = √

(−1). �m is a complex phasor. Angle(�m) is the phase
angle applied to the mth transducer channel.

2.B.2. Cylindrical or curvilinear focusing

To simulate focusing behavior of a curvilinear or cylindri-
cally focused transducer, the ERUS array was focused along
the array elevation direction [Fig. 4(a)]. Phase delays were
computed based only on the distance between ERUS ele-
ments and a cylindrical focus axis (based only on the fo-

cusing depth and element elevation). This sonication pat-
tern was explored to deliver heat to small targets in the pos-
terior prostate, similar to the targets where multipoint fo-
cusing was considered. Again, positioning of the focus was
performed using iterative and empirical methods. Here the
focusing depth was set between 25 and 35 mm for deliv-
ering zonal hyperthermia (10–15 mm wide targets) along
the prostate length. Complex phase computation is shown
next.

�m = exp
[−jk

(√
ELm

2 + RNF
2 − RNF

)]
. (5)

In Eq. (5), �m is complex phasor for the mth transducer
element, RNF is the focus position in the range dimension
and ELm is the transducer element position in the elevation

Medical Physics, Vol. 41, No. 3, March 2014
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40.5 oC 

42.0 oC 

Prostate 

40.5 oC Prostate 

42.0 oC 

Applicator 

(a) (b)

(c) (d)

FIG. 5. (a) SAR distribution obtained by planar sonication is plotted in the central axial plane of a representative case. Temperature and anatomy overlay
to show hemi-gland heating of the prostate is shown in (b) 3D, (c) coronal plane 30 mm from the applicator and (d) sagittal plane through the applicator.
(I = 0.9 W/cm2, Tmax = 43.7 ◦C).

dimension and k is the wave-number. The transducer element
is assumed to be at RN = 0, and the focus is assumed to be at
EL = 0.

2.B.3. Planar sonications

Planar beam patterns were simulated by setting uniform
complex phase (�m = 0) for all power channels [Fig. 5(a)].
This achieved the effect of synchronous operation of all ERUS

array elements to mimic the functionality of a planar rect-
angular transducer with a large aperture.48 These sonications
were explored for hyperthermia to hemigland prostate or pos-
terior quadrants of the gland.

2.B.4. Diverging sonications

This approach was explored to heat wide focal targets
near the posterior periphery of the prostate or posterior

Medical Physics, Vol. 41, No. 3, March 2014
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(a) (b)

(c) (d)

Prostate

Tumor

Urethra

Tumor

Prostate

Rectum

40.5 oC

42.0 oC

40.5 oC
42.0 oC

FIG. 6. (a) SAR distribution obtained by cylindrically diverging sonication is plotted in the central axial plane (b) Corresponding temperature distribu-
tion obtained in the same central axial plane is shown. Temperature distribution in an oblique sagittal slice (c) and an oblique coronal slice is also shown
(I = 1.35 W/cm2, Tmax = 44.8 ◦C).

quadrant of the gland Fig. 6(a). Cylindrically diverging beam
patterns were considered to heat such targets. Smith et al.
explored endorectal phased arrays with cylindrical elements
to generate diverging sonication patterns with 120◦ angular
expanse.26 Beamforming techniques were employed to gen-
erate similar diverging patterns with the ExAblate prostate
array (which consists of rectangular elements). Phase delay
beamforming was utilized to simulate cylindrical transduc-
ers with radii of curvature between 10 and 60 mm and an
aperture of 2.3 cm width (phased array width). The range of
curvature radii was identified for patient specific hyperther-
mia using empirical methods. Phase delays were again com-
puted using only the radius of curvature value and elevation
position of the array elements. The goal of this beamform-

ing was to produce cylindrically diverging wave-fronts that
may heat targets close to the array but wider than its elevation
dimension (23 mm). Complex phase computation is shown
next.

�m = exp
[
jk

(√
ELm

2 + RC2 − RC
)]

. (6)

In Eq. (5), �m is complex phasor for the mth trans-
ducer element, RC is the radius of curvature and ELm is
the transducer element position in the elevation dimension
and k is the wave-number. The transducer element is as-
sumed to be at RN = 0, and the focus is assumed to be at
EL = 0.

Medical Physics, Vol. 41, No. 3, March 2014
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2.C. Biothermal models

Heat transfer was modeled using the Pennes bioheat equa-
tion as shown below.49

ρCpt

∂T ′

∂t
= ∇ · [kt∇T ′] − ωbcpbT

′ + Qac. (7)

In Eq. (7), ρ is the density, cpt and cpb are specific heat
capacity values for tissue and blood, respectively, kt is ther-
mal conductivity, T ′ is the temperature rise over basal/blood
temperature, ωb is the blood perfusion and Qac is the heat gen-
erated due to acoustic energy deposition. Modeling constants
related to thermal properties of tissues have been compiled in
Table I.

Biothermal models were employed to calculate tempera-
ture profiles with generalized and patient-specific geometries.
For these models, the input power was computed through an
iterative empirical process where the acoustic intensity was
varied to obtain a maximum temperature estimate between
44.5 and 45.2 ◦C. This maximum temperature was employed
because the goal of hyperthermia is to cause sub-lethal dam-
age in the target tissue using heat energy alone. The input
acoustic intensity was always restricted within operational
limits of the ExAblate 2100 ERUS array. Through communi-
cations with InSightec it was established that acoustic outputs
up to 3.4 W/cm2 could be delivered safely. Dimensions of re-
sulting simulated 40 and 41 ◦C temperature clouds were com-
puted. These two temperature values were chosen because the
therapeutic range of hyperthermia is between 40 and 45 ◦C
(Ref. 10) and thermal radiosensitization is known to occur
∼41 ◦C,50, 51 if delivered for 30–60 min. Also new formula-
tions of temperature sensitive liposomes can be activated at
40 ◦C and be used for targeted drug delivery.19

Generalized models were also utilized to conduct paramet-
ric analyses. Changes in treatment parameters such as blood
perfusion, phased array cooling, and phased array duty cycles
were considered. The input acoustic intensity (or power) was
varied to maintain maximum temperature close to 45 ◦C and
maximize the heated target volume for a given combination
of parameter values.

2.C.1. Model geometry

Generalized model geometry consisted of the ERUS
phased array situated inside a 15-mm radius cylindrical bal-
loon filled with degassed water sonicating homogenous soft
tissue. For these models physiological parameters, such as
blood perfusion, acoustic parameters, and thermal properties
of soft tissue, were assumed to be homogeneous.

Patient specific model geometry was created from two rep-
resentative patient data sets [example shown in Figs. 1(b) and
2(a)]. Critical organ structures such as the prostate and cancer
target volume, bladder, rectum, urethra and pubic bones were
manually segmented from serial MR axial images by using
contouring tools available in a 3D modeling software (Mimics
and 3-Matic, Materialise, Belgium). Both patients had focal
prostatic tumor nodes in the posterior peripheral zone near the
gland apex. The first patient had a unilateral target confined
to the right side (prostate volume = 22 cm3, tumor volume

= 1.2 cm3). The second patient had a bilateral target, but pre-
dominantly on the left (prostate volume = 19 cm3, target vol-
ume = 1 cm3). Due to the high acoustic absorption of bone
and acoustic penetration depth at 2.3 MHz, acoustic energy
may cause some heating in the pubic symphysis located an-
terior to the gland. To study the impact of bone heating on
treatment quality, patient cases were selected with pubic bone
located far (25–30 mm, case 1) or near the gland (8–10 mm,
case 2). The ERUS phased array was assumed perfectly cou-
pled to the rectal wall by a distensible cooling balloon that
contained temperature-regulated circulating water for cooling
of rectal tissue, and protection of the phased array. Position
and orientation of the ERUS phased array was set to direct
acoustic energy at the target volume. In a treatment scenario
with the ExAblate ERUS array, such positioning would be
achieved using translation and rotation module of the ExAb-
late system. Bladder was assumed to contain water and ure-
thral cooling was applied as required.

2.C.2. Boundary conditions

For both generalized and patient-specific geometries, the
outer simulation boundaries were assumed to have constant
temperature, which was set to the same value as blood/basal
temperature (37 ◦C). The ERUS cooling balloon and urethral
cooling balloon were modeled to have constant temperature
dictated by cooling water flow (Tcool = 22–41 ◦C). Several
studies about hyperthermia to the prostate using endorectal
ultrasound utilize a bolus of temperature-controlled water for
applicator coupling and rectal wall protection.21, 22, 27, 29, 30 The
InSightec system can regulate bolus temperature over a large
range (as low as 10 ◦C). Such temperatures may provide ef-
fective cooling but hyperthermia procedures may extend for
30–60 min and patients may experience some discomfort due
to prolonged contact with a cooled ERUS probe, making
higher water bolus temperatures necessary.

2.C.3. Numerical evaluation

The biothermal and acoustic models were evaluated using
COMSOL Multiphysics 3.5a and 4.3 (Comsol Inc., Burling-
ton, MA), a FEM software program, and Matlab 7.5 (Math-
Works Inc., Natick, MA). Patient specific geometry was cre-
ated from serial axial MRI scans. They were loaded into Mim-
ics 15.01 (Materialise, Belgium) and critical anatomical struc-
tures were manually segmented (based on prior experience
and supplementary information from the patient cases) using
drawing tools available in this software. Mimics tools were
also used to convert the segmented contours into 3D volumes
following smoothing (smooth factor = 0.9, iterations = 9)
and wrapping operations. Smooth 3D volumes of anatomical
structures were generated with these steps. The FEM mesh
parameters, in terms of mesh element dimensions, were se-
lected through an iterative process to ensure a stable thermal
solution. The mesh sizes were varied from 0.4 to 1.8 mm
in the target region and interfaces such as bone and rectum.
Convergence testing with smaller element sizes demonstrated
sufficient accuracy. Patient specific models had ∼550 000
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FIG. 7. Comparison of (a) Tmax vs time, (b) V40, V41 vs time for 80%, 88%, and 100% duty cycle for planar sonication in generalized model is shown here.
Acoustic intensity was adjusted to maintain constant energy.

tethrahedral mesh elements with ∼750 000 nodes. The small-
est element size was ∼0.4 mm situated inside the cancer tar-
get, the largest element was 7 mm at simulation space ex-
tremity where direct ultrasound heating did not occur, and the
average element quality (aspect ratio of height and base of
tetrahedra) was 0.44.

Steady state implementation of Eq. (3) was utilized during
all patient-specific models. The generalized models employed
steady state or transient version (Fig. 7) of Eq. (3). The gen-
eralized models were also used for a parametric study that
investigated the impact of blood perfusion, applicator cooling
and sonication duty cycle on heating performance of the array.
Steady state models utilized “Direct (PARDISO)” and tran-
sient models utilized “Geometric Multigrid” implicit solver
s in COMSOL Multiphysics, with convergence tolerance of
1 × 10−6. All simulations were performed on a workstation
with Intel Xeon CPU Dual core, 2.5 GHz, 16 GB RAM, and
Windows Vista. Typical simulation time was 25–40 min for
acoustic and biothermal calculations.

2.D. Evaluation in tissue phantom under MRTI

To demonstrate beamforming strategies developed in the
simulation studies, some hyperthermia-specific sonications
were implemented on ExAblate 2100 ERUS phased array ab-
lation system. Phasing patterns, specific to the proprietary lay-
out of the ERUS array, were applied to the phased array using
research GUI and tools provided in the InSightec ablation sys-
tem. This research version consists of utility interfaces (Con-
trol computer interface with software version 5.3.2) which al-
low the ablation system to be programmed with greater flexi-
bility. Through these GUI packages, it is possible to set son-
ication parameters such as input power and exposure time,
and also implement customized beamforming patterns on the
system.

In the preliminary tests presented here, the ExAblate
prostate array was employed to heat tissue-mimicking phan-
toms provided for quality assurance and calibration by In-

Sightec (Model TXS-100, ATS Laboratories, Inc, Bridgeport,
CT). The phantom was shaped like a lightly tapered cylin-
der ∼10.2 cm in diameter and ∼12.7 cm in height with
acoustic attenuation = 0.503 dB/cm/MHz and sound speed
= 1538 m/s.52 Experiments were conducted in a 3 T MRI
scanner (GE Healthcare Discovery MR750W) where imag-
ing and temperature data was obtained by a birdcage head coil
(GE). Complex MR images were acquired in multiple imag-
ing planes for MRTI, with all slices in the same orientation.
For the data presented here, image slices were either in axial
or coronal orientation. Five axial planes were recorded with
slice thickness of 5 mm, inter-slice spacing of 1.0 mm, and
the center slice was positioned at the array center. Five coro-
nal planes were recorded with slice thickness of 5 mm, inter-
slice spacing of 0.5 mm, and the center slice was positioned
at the 35 mm distance from array surface. MRTI was per-
formed using a spoiled gradient echo sequence with the fol-
lowing imaging parameters: TE = 16 ms, BW = ±31.2 kHz.
The FOV was 14 cm, slice thickness = 5 mm, flip angle
= 30, and matrix size = 256 × 256 pixels. The complex im-
ages were transferred to a workstation in real-time and tem-
perature images were reconstructed with the proton resonance
frequency (PRF) method.53

For these initial experiments, conservative exposure pa-
rameters were employed. Electrical power was set at 10 W
(time-averaged surface acoustic intensity ∼0.88 W/cm2).
Throughout this paper acoustic intensity refers to time-
averaged acoustic intensity computed at the surface of the
phased array applicator (ISATA). Uniform excitation magni-
tude was assumed across the entire phased array. For this
power level, operational constraints of the ExAblate 2100 sys-
tem only allowed sonication durations of 5 min. Three sets
of such 5-min sonications were conducted to obtain a to-
tal heating time of 15 min. Time duration between consec-
utive sonications was 5–10 s. After a single sonication, the
system required reinitialization and it resulted in this short
time delay between consecutive sonications. To ensure safe
operation and protection of the prostate array, cooling
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(a) (b)

(c) (d)

FIG. 8. MR temperature rise images captured during CW sonications in tissue mimicking phantoms with ExAblate 2100 prostate array are shown here (0.88
W/cm2, 15 min.). Heating from (a) Iso-phase/planar, (b) diverging and (c) curvilinear in axial plane and (d) simultaneous multi-focused sonications in coronal
plane are shown. Temperatures have been normalized to maximum temperature measured during sonication. Simulated contours of 50% and 75% maximum
temperature have been overlaid.

water (22 ◦C) flow was maintained throughout the exposures
(Fig. 8). Temperature profiles were also simulated for tissue
mimicking phantom consistent with experiment parameters
and physical properties of the phantom. Numerical simula-
tions were based on transient generalized model discussed
earlier. For hyperthermia treatments, maximum temperatures
of 43–45 ◦C (6–8 ◦C temperature rise) are desired and tem-
perature volumes of 41 ◦C (4 ◦C temperature) are of interest.
Volumes where the temperature rise is 50% and 75% of the
maximum value of temperature rise were compared between
simulation and experiments.

3. RESULTS

3.A. Acoustic calculations

Acoustic fields for various focusing patterns were cal-
culated to investigate simultaneous multipoint focusing and
shaped energy deposition patterns for generating hyperther-

mia. The ExAblate ERUS array was designed for HIFU abla-
tion by creating tight acoustic focal spots, especially along
its axis. Calculated acoustic fields indicated a 3-dB beam-
width for focusing depths of 20–40 mm was 0.6–1.15 mm
in the elevation dimension and 0.4–0.65 mm in the azimuth
dimension. Off-axis focusing resulted in some energy depo-
sition in the side lobes. The ratio of maximum acoustic in-
tensity values in the side lobe and the main lobe was com-
puted in the focusing plane and was used to quantify capa-
bility for off-axis focusing and beam steering. At a focusing
depth of 20 mm and off-axis focusing position of 5–10 mm,
maximum energy in the side lobe was 5%–20.0% of maxi-
mum energy in the main lobe. At a 30 mm depth, this propor-
tion was 2.5%–15.5% and at 40 mm depth it was 1.4%–6.0%.
Single-point focusing is more relevant to HIFU ablation. This
analysis helped in ascertaining limits of off-axis focusing for
complex beam forming or electronic scanning specifically de-
veloped for hyperthermia. Similar trends were observed when
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TABLE II. Treatable volumes obtained by multipoint focusing in general-
ized models. The number of simultaneous focusing points was varied. Power
input was adjusted to achieve maximum temperature close to 45 ◦C, within
limits and constraints necessary for safe operation on ExAblate 2100. Con-
stant blood perfusion of 2 kg/m3/s was assumed.

Number Is (W/cm2) Tmax (◦C) V40 (cm3) V41 (cm3)

4 0.68 45.2 8.8 4.5
6 0.7 45.1 9.6 5.2
8 0.72 45.1 10.6 5.8

curvilinear focusing was employed. When focused in the el-
evation dimension, focusing depths below 25 mm resulted in
peak side-lobe intensity values in excess of 10% of peak in-
tensity in the main lobe.

3.B. Generalized models

Therapeutic volumes V40 and V41 (volumes of isothermal
clouds of 40 and 41 ◦C, respectively) were determined for dif-
ferent sonication/beamforming strategies and the results are
presented in Tables II–V. A constant blood perfusion rate of
2 kg/m3/s was assumed for these models. With simultaneous
multipoint focusing V40 and V41 were small. For 4–8 focus-
ing points, V40 was between 8.8 and 10.6 cm3 and V41 was
between 4.5 and 5.8 cm3. With curvilinear focusing in eleva-
tion direction at depth of 25 and 35 mm along the propagation
axis, V40 = 12 cm3 and V41 = 6 cm3, respectively, were cal-
culated. Larger treatable volumes were calculated for diffused
sonications. With diverging and planar patterns, V40 = 24
–35 cm3 and V41 = 12–22 cm3 were computed.

3.B.1. Parametric analysis

Results from a parametric study utilizing planar sonica-
tions are presented in Tables VI–VIII. Impact of blood perfu-
sion variation on heating performance was studied by chang-
ing perfusion between 0.5 and 8.0 kg/m3/s.54 The input acous-
tic intensity was varied with perfusion between 0.61 and
2.15 W/cm2. Dimensions of the 40 and 41 ◦C isotemperature
contours were computed. In the azimuthal direction (along
applicator width), dimensions of these contours varied from
33 to 26 mm and 27 to 22 mm, respectively, with increasing
perfusion. In the elevation direction (along applicator length),
variations in contour dimensions were lower, spanning 40
–37 mm and 35–33 mm. Depth of tissue heating for both con-

TABLE III. Treatable volumes obtained by cylindrical or curvilinear focus-
ing in generalized models. The focal depth was varied. Power input was ad-
justed to achieve maximum temperature close to 45 ◦C, within limits and
constraints necessary for safe operation on ExAblate 2100. Constant blood
perfusion of 2 kg/m3/s was assumed.

Depth (mm) Is (W/cm2) Tmax (◦C) V40 (cm3) V41 (cm3)

25 0.75 45.1 12.1 6.0
35 0.7 44.9 12.7 6.6

TABLE IV. Treatable volumes obtained by divergent focusing in generalized
models. Array beamforming was utilized to simulate cylindrical transducers
with different radii of curvature and fixed aperture width of 2.3 cm (same
as array width). Power input was adjusted to achieve maximum temperature
close to 45 ◦C, within limits and constraints necessary for safe operation on
ExAblate 2100. Constant blood perfusion of 2 kg/m3/s was assumed.

Radius of curvature (mm) Is (W/cm2) Tmax (◦C) V40 (cm3) V41 (cm3)

10 1.05 44.7 24.4 13.3
20 1.13 44.7 26.3 13.8
40 1.2 44.8 37.2 21.5

tours were 71.5–69 mm and 67–59 mm. For these models,
applicator cooling was held constant at 30 ◦C.

The impact of applicator cooling for long duration soni-
cation with the ExAblate 2100 array was studied by varying
Tcool between 22 and 35 ◦C for planar sonication configura-
tion discussed above (Table VII). Perfusion was held constant
at 2.0 kg/m3/s. Across the range of Tcool values considered,
slight changes in applied power ranging from 1.05 to 0.92
W/cm2 were needed to maintain Tmax ∼ 45 ◦C. With changes
in Tcool, dimensions of the 40 and 41 ◦C contours showed min-
imal changes (<2 mm) in azimuth or elevation dimensions. In
the range dimension, reduced cooling caused some reduction
in heating depth.

Hardware constraints imposed on the ExAblate 2100 sys-
tem for applicator protection during long duration sonications
may require shorter duty cycles instead of continuous soni-
cation. Hence, transient models employing planar sonications
were implemented to study the impact of duty cycle varia-
tion on heating performance. Duty cycle was varied between
80%, 88%, and 100% with pulse repetition frequencies of
0.0104 Hz, 0.011 Hz, and CW. The blood perfusion rate was
set to 2.0 kg/m3/s and Tcool was held constant at 30 ◦C. Peak
acoustic intensity was varied such that the total energy deliv-
ered in a single pulse cycle was constant and the maximum
temperature was close to 45 ◦C. After 12 min into the treat-
ment, steady temperature levels were achieved with 100%
duty cycles. After this time instance, the observed tempera-
ture ripple in Tmax was below 0.1 and 0.3 ◦C for the 88% and
80% duty cycle cases, respectively. Similar small ripples were
also seen in isotemperature volumes (Fig. 7). For this com-
parison, dimensions of volume contours for thermal doses of
6 and 10 CEM43 were also calculated. For 100%, 88%, and
80% duty cycles, the isodose cloud dimensions were within a
millimeter agreement (Table VIII).

TABLE V. Treatable volumes obtained by planar or isophase focusing in gen-
eralized models. Power input was adjusted to achieve maximum temperature
close to 45 ◦C, within limits and constraints necessary for safe operation on
ExAblate 2100. Constant blood perfusion of 2 kg/m3/s was assumed.

Type Is (W/cm2) Tmax (◦C) V40 (cm3) V41 (cm3)

Planar 0.94 44.7 35 22.8
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TABLE VI. Parametric study was conducted using planar sonication implemented in steady state generalized models to study the impact of perfusion on
heat delivery. The perfusion was varied between 0.5 and 8.0 kg/m3/s. Acoustic intensity was varied such that the maximum temperature was close to 45 ◦C.
Dimensions of 40 and 41 ◦C contours are reported here. Azim refers to dimension along transducer width, Elev refers to the dimension along array length, Range
refers to axial depth from transducer surface, and Spare refers to distance of tissue from cooling/coupling balloon which was thermally spared (not heated above
40 or 41 ◦C). Cooling around the device was held constant and the balloon was modeled as a constant temperature boundary at 30 ◦C.

40 ◦C contour 41 ◦C contour
dimensions dimensions

ωb I Tmax Azim Elev Range Spare Azim Elev Range Spare
(kg/m3/s) (W/cm2) (◦C) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

0.5 0.61 45.02 33 40 71.5 21.5 27 35 67 23
2.0 0.99 45.06 29 38 71 20 24 34 65 21
4.0 1.43 44.98 26 37 70 19 23 34 62.5 20
8.0 2.15 44.96 26 37 69 17.5 22 33 59 18.5

3.C. Patient-specific models

3.C.1. Multipoint focusing

An example of such multipoint focusing is shown in
Fig. 3, where conformal hyperthermia to a small focal tar-
get in right posterior quadrant of the prostate was simu-
lated (patient case 1). For this preliminary effort, focal point
placement was ascertained through a manual iterative process
to maximize target coverage. The ERUS array was simul-
taneously focused on 6 points at an axial depth of 35 mm
[Fig. 3(a)]. Foci were placed in the transverse plane such
that the resultant heating best conformed to the target re-
gion shape. In the example shown here, acoustic intensity was
0.75 W/cm2 (electrical power ∼9 W) and maximum temper-
ature was 44.6 ◦C.

3.C.2. Cylindrical or curvilinear focusing

The example shown in Fig. 4 shows curvilinear focusing
employed to target the cancer site from patient case 1. In this
case, the focusing axis was placed along the array azimuth
and the focal depth was 35 mm from the array surface. This
sonication pattern allowed heating in wedge-shaped patterns.
The input was set to 0.7 W/cm2 acoustic intensity (electri-
cal power ∼8 W), which yielded a maximum temperature of
45 ◦C.

3.C.3. Planar sonications

Planar beam patterns were simulated by setting uniform
phase values for all power channels. This achieved the ef-
fect of synchronous operation of all ERUS array elements
to mimic the functionality of a planar rectangular transducer
with a large aperture (Acoustic: 1.2 W/cm2 or Electrical
∼14 W). As shown in Fig. 5, diffused energy deposition
spread out over a larger volume was possible with this config-
uration. For this representative case, therapeutic hyperthermia
could be delivered to targets in the posterior quadrant of the
prostate could be treated, extending to the prostate boundary.

3.C.4. Diverging sonications

Diverging acoustic beam patterns were simulated to heat
wide targets in posterior prostate (Fig. 6). Patient specific
models were used to explore the possibility of heating bilat-
eral targets with this configuration. The representative case
shown in Fig. 6 contains a target primarily in the left poste-
rior quadrant with a section extending past the urethra into the
right quadrant. To heat this target, beamforming was used to
simulate a cylindrical transducer with a 60-mm radius of cur-
vature and 2.3 cm wide aperture. This resulted in wave fronts
similar to tubular transducer elements (cylindrically diverg-
ing or defocused). As compared to the planar sonication strat-
egy, angular expanse of energy deposition across the array az-
imuth was increased. However, higher input power (Acoustic:

TABLE VII. Parametric study was conducted using planar sonication implemented in steady state generalized models to study the impact of applicator cooling
on heat delivery. Cooling was varied from 22 to 35 ◦C. The perfusion was set to 2.0 kg/m3/s. Acoustic intensity was varied such that the maximum temperature
was close to 45 ◦C. Dimensions of 40 and 41 ◦C contours are reported here. Azim, Elev, Range, and Spare are same as in previous table.

40 ◦C contour dimensions 41 ◦C contour dimensions

Tc I Tmax Azim Elev Range Spare Azim Elev Range Spare
(◦C) (W/cm2) (◦C) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

22 1.05 45.01 28 38 71.5 22.5 24 34 66.5 23.5
30 0.99 45.06 29 38 71 20 24 34 65 21
35 0.92 44.94 28 38 69.5 17.5 24 34 63 19
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TABLE VIII. Parametric study was conducted using planar sonication implemented in transient generalized models to study the impact of sonication duty cycle
on heat delivery. Duty cycle was varied between 80%, 88%, and 100% with pulse repetition frequency 0.0104, 0.011 Hz and CW. The perfusion was set to
2.0 kg/m3/s and cooling temperature was held constant at 30 ◦C. Peak acoustic intensity was varied such that the total energy delivered in a single pulse cycle
was constant and the maximum temperature was close to 45 ◦C. Dimensions of t43 > 6 min and t43 > 10 min contours are reported here. Azim, Elev, Range,
and Spare are same as in previous tables.

t43 > 6 min contour dimensions t43 > 10 min contour dimensions

Duty cycle I Tmax Azim Elev Range Spare Azim Elev Range Spare
(%) (W/cm2) (◦C) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

100 0.99 45.06 20 32 56 23 18.8 28 53 23
88 1.12 45.06 20 32 56 23 18 28 53 23
80 1.25 45.28 20 32 56 23 18 28 53 23

1.35 W/cm2, Electrical ∼16 W) was required to achieve thera-
peutic temperatures. Also, energy deposition in the side lobes
was more difficult to control.

3.D. Evaluation in tissue phantom under MRTI

Based on the proprietary irregular transducer element lay-
out and wiring scheme of the ExAblate 2100 array, phasing
patterns were calculated to generate the following sonication
patterns and applied within phantom to evaluate generated
temperature distributions (Fig. 8).

� Planar sonication was performed using
isophase/synchronous excitation of the transducer
array elements. This was similar to placing a single
focal point at a very large distance from the array
and resulted in heating volumes close to the array
determined by the width of the array.

� Diverging pattern was created by placing the synthetic
focus 40 mm behind the array, on its axis and along ar-
ray elevation dimension. This caused heating in a cylin-
drically defused volume with its extent greater than the
array width.

� Curvilinear pattern with synthetic focus at 40 mm dis-
tance on the array axis, and along array elevation dimen-
sion. This resulted in wedge shaped heating volumes
caused by cylindrical focusing.

� Simultaneous multipoint focusing was demonstrated us-
ing four-point focusing pattern where the foci were
placed at 35 mm distance from the array at a distance
of 5 mm from the central axis of the array. This resulted
in a “plus”-shaped heating pattern evident in tempera-
ture distribution seen in the coronal plane.

Phase delays associated with these beamformed sonications
were programmed into the ExAblate system using the con-
trol computer interface. Figure 8 depicts temperature pro-
files in tissue mimicking phantoms temperature rise after
prolonged heating with a relatively low intensity setting of
0.88 W/cm2 (acoustic). Temperature rises were obtained by
reconstructing MR images (PRFS). The images have been
normalized to maximum temperature values, which were
22.5 ◦C for planar, 11.2 ◦C for cylindrically diverging, 16.7 ◦C
for curvilinear focused, and 20.6 ◦C for multipoint focused

beam patterns. Contours of 50% and 75% maximum tem-
perature estimated by numerical models of phantom heating
have been overlaid. A general agreement can be observed
between shapes of heated regions based on experiment and
simulation. Experiments and simulations for planar wave-
forms yielded 75% contour volumes of 6.4 and 6.5 cm3, re-
spectively, and 50% contour volumes of 22.5 and 19.4 cm3,
respectively. Experiments and simulations for cylindrically
divergent beams yielded 75% contour volumes of 4.5 and
5.2 cm3, respectively, and 50% contour volumes of 17.9
and 19.8 cm3, respectively. Experiments and simulations for
curvilinear focusing yielded 75% contour volumes of 1.3 and
2.1 cm3, respectively, and 50% contour volumes were 7.1
and 8.9 cm3, respectively. Experiments and simulations for
multipoint focusing yielded 75% contour volumes of 2.3 and
1.8 cm3, respectively, and 50% contour volumes of 8.9 and
7.2 cm3, respectively.

4. DISCUSSION

The goal of this preliminary investigation was to evaluate
feasibility of adapting the ExAblate 2100 ERUS ablation ar-
ray within its hardware, software and operational constraints
for delivering protracted mild hyperthermia to contiguous vol-
umes in the prostate. This was examined through simula-
tions and preliminary experiments. The generalized models
were only designed to bracket potential treatment volumes
for a range of physiological parameters including moderate to
high perfusion levels, cooling levels and sonication switching
times, all while adhering to power and hardware constraints
of the ExAblate system. Tissue heterogeneity was consid-
ered in patient-specific models where representative cases
were explored hyperthermia feasibility with ExAblate array
for realistic prostate targets and anatomical geometry. Array
beamforming can be utilized effectively to tailor energy de-
position based upon the size and location of target volumes.
Appropriate phasing patterns can enable targeting specific
volumes in the posterior region of the gland, posterior quad-
rant hyperthermia and hemigland hyperthermia. Simultane-
ous multipoint focusing and curvilinear focusing can be
employed to heat small targets (1.5–6.6 cm3). With these son-
ications, energy can be delivered selectively with tailoring
along the array length and in axial distance. Wide targets in
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the posterior prostate can be effectively heated using diver-
gent/diffuse sonications. These along with planar sonications
may be effective in delivering quadrant or hemigland hyper-
thermia to large contiguous volumes (13.3–22.8 cm3).

Initial experiments in tissue mimicking phantoms demon-
strated the feasibility of implementing hyperthermia-specific
array beamforming on the ExAblate array and delivery of pro-
tracted continuous wave sonications to generate hyperthermia
in contiguous volumes under MRTI. A general agreement was
observed between theoretical simulations and experiments
with consistency between overall shapes of energy deposition
and phantom heating. Differences may be partly attributed
to using approximate values for the acoustic and thermal
properties of the phantom, and approximations to coupling
of convective cooling. Further, the small differences between
measured and simulated temperature values may in part be
attributed to non piston-like vibration behavior of the phased
array elements.55 Observed differences in simulated and mea-
sured temperatures can be resolved in practice through accu-
rate power calibration and implementation of feedback con-
trol with MRTI during implementation.

A single-channel brain coil was used for MR imaging dur-
ing these experiments. This choice was made to simplify the
experimental set up. In clinical practice, a multichannel pelvic
coil, which can be wrapped around the patient with a belt
strap, will be used. Pelvic and brain coil have similar SNR lev-
els for proton resonance frequency shift sequences used dur-
ing MR thermometry. The feasibility of long term MR ther-
mometry during pelvic hyperthermia has been demonstrated
using proton resonance frequency shift (PRFS) imaging meth-
ods utilized here. Temperature measurements with accuracy
of 0.3–1 ◦C have been reported.56–60 In addition to the stan-
dard PRFS techniques utilized here, it may be possible to im-
prove SNR using drift correction techniques and longer echo
times.

ExAblate 2100 has approval for clinical trials pertaining to
prostate ablation.41–43 Potentially, it can be fast tracked into
the clinic for hyperthermia applications as well. Feasibility
of safe hyperthermia delivery to the prostate using transrec-
tal ultrasound arrays (∼1.5 MHz, 4–16 elements) has been
reported in the past.28–30 Diverging sonications with ExAb-
late array can be used to deliver diffuse hyperthermia sim-
ilar to cylindrical-element applicators described in the afore-
mentioned studies. Greater control of heating may be possible
due to greater array beamforming possibilities arising from
larger number of elements, mechanical rotation and transla-
tion capabilities, and volumetric thermal dosimetry through
MR temperature monitoring. This may enable precise energy
delivery to the prostate while limiting thermal dose to critical
structures such as urethra, neurovascular bundles, and pubic
bones.

Some recent studies have reported hyperthermia delivery
to small tissue volumes using commercial MR-guided ex-
tracorporeal HIFU ablation applicators. These studies con-
sisted of animal experiments designed to study enhanced de-
livery and uptake of drugs using sub-lethal thermal doses. In
Refs. 35–37, extracorporeal phased array included in ExAb-
late 2000 by InSightec was employed for pulsed-HIFU son-

ications in small (∼45 mm3) implanted murine tumors un-
der MR-guidance with the goal to cause mild temperature
increases. These sonications were only limited to sequen-
tial focusing at multiple points, available as part of ablation
tools within the ExAblate system. Short duty cycles were em-
ployed to limit temperature rises. CW sonications which em-
ploy electronic and mechanical scanning of a single HIFU
focus under MR-guidance have also been explored to de-
liver hyperthermia with another commercial ablation system
(Sonalleve, Philips Medical Systems, Vantaa, Finland). The
animal study in Ref. 39 demonstrates treatment of small vol-
umes (treatment cell diameter of 4–16 mm) with fast transla-
tion of the HIFU focus. In another study by the same group,
multipoint focusing was implemented on the same HIFU sys-
tem to treat target volumes with ∼15 mm diameter.34

The prostate array from ExAblate 2100 system is designed
for endocavity placement as opposed to the external arrays
employed in the aforementioned studies, and hence has strin-
gent size and design constraints. Hyperthermia delivery to
large treatment volumes with this small array requires more
meticulous planning, but it can also offer therapeutic advan-
tages. Targeted CW sonications to treat large and deep cancer
targets are more feasible with an endocavity array because it is
less susceptible to organ motion and intervening tissue struc-
tures as compared to an external applicator. Effective heating
of larger volumes opens the possibility of heating hemigland
prostate or bilateral targets. Simultaneous multifocus beam-
forming can also be implemented on InSightec prostate array
to conformably heat smaller targets, and it can potentially pro-
duce more steady temperature profiles than electronic scan-
ning of HIFU focus.

Array design constraints on the ExAblate 2100 prostate
array such as element layout and element connections place
limits on electronic scanning, focal gains, and side-lobe gen-
eration when compared to ERUS arrays considered for hy-
perthermia during earlier studies.21–30 Whole gland hyperther-
mia may not be possible simply through beamforming alone.
However, the ExAblate 2100 has a rotational and translational
positioning module that affords accurate positioning and ori-
entation of the applicator within the patient. Hence, lateral
regions of the gland can be treated sequentially to effectively
produce whole gland heating. Further, it may be possible to
apply frequent and rapid mechanical translation/rotation of
the applicator to combine electronic and mechanical scan-
ning. However motion-associated artifacts in MR thermom-
etry could be problematic and may require MR-thermometry
techniques which employ multiple baseline images for reli-
able temperature measurements in such scenarios.61, 62

The relatively small size and low operating frequency of
the array also limits targeting capability. The array can be
used more effectively to target cancer in the posterior periph-
ery of the gland; however, focal gain is reduced when target-
ing volumes placed toward the anterior border (for depths of
greater than 45 mm). The low frequency can also result in en-
ergy deposition anterior to the prostate gland, especially dur-
ing hemigland heating. This may result in heat generation in
the pubic bone, especially in cases where it is close (within
5–10 mm) to the prostate. As seen in the representative
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patient case 2 (Fig. 6), where the pubic bone is less than 1 cm
from the gland, undesired heating can occur in the bone.
Urethral cooling may also be necessary when heating
hemigland or quadrant volumes. The patient cases shown here
have cancer targets at the posterior periphery of the prostate
close to the rectal wall. Cooling flow which protects the de-
vice and the rectum has to be carefully applied as excessive
cooling can negatively impact hyperthermia delivery. As seen
in Table VI, high input powers are required to induce ther-
apeutic heating in large contiguous volumes when perfusion
rate is high. However this also leads to larger power deposi-
tion near the array as seen by the reduction in “spared” tissue
distance. In a clinical scenario when treating volumes with
high perfusion, it may be necessary to increase rectal cool-
ing to minimize rectal toxicity during sonications at high in-
put powers. Hence it is imperative that clinical hyperthermia
treatments should be carefully planned taking these some-
times counterintuitive factors and relations into consideration.

It should be noted that prostate cancer does not lead to
distinct solid tumors and the cancer regions can be have het-
erogeneous physical properties and blood flow. The models
developed in this study do not take into account such het-
erogeneity and dynamic changes in physiological parame-
ters which can impact quality of a hyperthermia treatment.
Treatment planning and optimization platforms will have
to include such factors. Such accurate treatment modeling
will be very complex. It is beyond the scope of this initial
feasibility study. In clinical practice, MR-based temperature
measurements may be utilized for real-time guidance of the
therapy. It will be a useful tool in implementing temperature-
based feedback control schemes where sonication phasing
patterns (type of beamforming, number of focus points and
placement of foci) and acoustic output from the ExAblate
array may be changed dynamically to counter tumor het-
erogeneity and ensure safe and uniform hyperthermia to the
target.

The ExAblate prostate array following operational mod-
ifications can be potentially used to exploit new treatment
paradigms where hyperthermia may be combined with hy-
pofractionated SBRT high dose rate radiation treatments.30, 63

It may be also be used in conjunction with temperature sen-
sitive liposomes for targeted delivery of anti-cancer drugs
to focal tumors.19, 39 Such transrectal hyperthermia delivery
may be effective as part of multimodality regimens which in-
corporate chemotherapy and immunotherapy64, 65 to treat ad-
vanced or salvage cases of prostate cancer. Transurethral66

or transrectal67 hyperthermia has also been employed for
treating chronic prostatitis, and similar treatments may be
possible with the InSightec prostate array. The ExAblate
prostate array may be potentially extended to hyperthermia
treatments of other tumor sites in the pelvic cavity, such
as rectum and anal canal. Future investigations that would
be useful for implementing hyperthermia with this system
could include the development of inverse planning algorithms
to optimize beamforming schemes (such as multifocal pat-
terns) specific for phased array prostate hyperthermia.47, 68, 69

Temperature-based feedback control methods could possi-
bly be implemented to improve target heating and avail

the full power of MRTI for full 3D volumetric temperature
feedback.

5. CONCLUSIONS

Simulations and preliminary experiments demonstrate the
feasibility of delivering protracted mild hyperthermia 40–
45 ◦C for >15–30 min to the prostate with ExAblate 2100
ERUS prostate ablation system. Phased array beamforming
techniques may be used to tailor acoustic energy deposi-
tion pattern in 3D, along array length and angular expanse.
Hyperthermia-specific beamforming strategies were imple-
mented on the ExAblate system and continuous wave soni-
cations generated therapeutic temperature rises during phan-
tom experiments. Within hardware and software constraints
imposed by the ERUS array design, it may be possible to
administer protracted hyperthermia to posterior quadrants or
hemigland prostate.
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