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Abstract

Thermal ablation is a treatment option in oncology that
can be used to target primary and metastatic cancers. In
this approach, high temperature heating is administered
at the target tumor site to induce coagulative necrosis of
malignant cells. One minimally invasive method for ad-
ministering thermal ablation is interstitial needle-based
therapeutic ultrasound (NBTU). The NBTU approach de-
livers a cylindrical piezoelectric transducer that produces
high frequency ultrasound waves at the target tumor loca-
tion, leading to localized heating and death of cancer cells.
In this work, we present a three-dimensional (3D) model
of an existing 90° directional piezoelectric transducer cur-
rently used by an NBTU applicator in pre-clinical studies
and provide a preliminary validation of the simulation
using magnetic resonance thermal imaging (MRTT).

Introduction

Cancer is a healthcare concern worldwide, with a pro-
jected 1,762,450 new cases in the United States in 2019 [1].
Treatment options are determined by the physician based
on the clinical case and they may choose to apply im-
munotherapy, chemotherapy, thermotherapy, or surgical
intervention. Thermal ablation is one such treatment op-
tion in oncology for targeting primary and metastatic can-
cers unsuited for traditional surgical interventions. The
use of high temperature applicators to deliver heating or
ablation, to induce localized malignant cell death, has been
previously studied [2,3]. The required heat deposition can
be administered using microwaves [4], radiofrequency [5],
lasers [6], and intra- [7] or extra- [8] corporeal ultrasound.

One minimally invasive method for administering ther-
mal ablation is interstitial needle-based therapeutic ultra-
sound (NBTU). The NBTU applicator is used to deliver
a piezoelectric transducer to the target tumor location.
When the transducer is electrically excited, high intensity
acoustic waves are produced and absorbed by the cancer-
ous cells, leading to localized heating and cell death. The
use of a piezoelectric material by the NBTU approach
offers good spatial control over the produced beam pattern
as the geometry of the transducer can be manipulated to
achieve a desired beam shape and directionality. Applica-

tor designs with sectored cylindrical [9], planar [10], and
multi-element [11] transducers have been demonstrated in
literature.

Numerical modeling of the acoustic pressure field pro-
duced by the deforming piezoelectric transducer is often
performed to characterize the energy deposition of the
NBTU applicator and optimize the element design for ther-
mal dose delivery during treatment. The resulting pressure
field is then provided as input to the bioheat transfer equa-
tion to observe the thermal propagation by the applicator
over time. Experimental validation of these results can
be performed using magnetic resonance thermal imaging
(MRTT). This is often computed using the proton reso-
nant frequency shift (PRFS) method to calculate quanti-
tative spatial temperature maps from phase differences
in the magnetic field [12, 13]. Material specific param-
eter calibration can also be performed to improve these
temperature measurements during tissue heating [14].
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Figure 1. MRI Compatible NBTU probe with labeled compo-
nents simulated in this paper and developed by Acoustic Medsys-
tems Inc for interstitial thermal ablation.

In this work, we present a three-dimensional (3D)
model of an existing 90° directional piezoelectric trans-
ducer currently used by an NBTU applicator in pre-
clinical studies. We extend our previously developed two-
dimensional model [15] and discuss the steps taken to
move to a three dimensional model. An eigenmode anal-
ysis, frequency domain study, and bioheat transfer time



domain study are presented. The results demonstrate the
outcome for our NBTU applicator, but can be extended to
other transducer geometries to inform studies focused on
NBTU applicator design for cancer intervention. We also
present an initial validation of our model by comparing
the results with our physical NBTU applicator activated
under MR-thermometry.

Operating Principle

The principles used to develop ultrasound transducers have
been well studied in prior art [16, 17]. These devices are
often constructed using piezoelectric materials that strain
when subjected to an applied electric potential. There are a
variety of naturally occurring substances that can produce
this inverse piezoelectric effect such as quartz and lithium
niobate. However, ferroceramics such as lead zirconium
titanate (PZT) are commonly used for their wide bandwith.
In particular, for thermal therapy applications, PZT-4 is
often selected for it’s low loss properties.

Each transducer operates at an ideal driving excita-
tion frequency (resonance) to produce ultrasonic waves
through a desired acoustic medium. The geometry of the
transducer can be modified to produce a desired ultrasonic
beam pattern as demonstrated by cylindrical, sectored
cylindrical, and planar element designs. The applied elec-
tric potential to the transducer drives the deformation and
contributes to the overall energy deposition of the gener-
ated waves.

The medium that the transducer operates within has a
key impact on the transmission of the produced ultrasonic
wave and determines beam properties such as absorption
and attenuation. For heat deposition, the ultrasound inten-
sity within the region of interest along with the medium
thermal conductivity and heat capacity will dictate the
spatial thermal pattern and propagation induced by the
transducer. Often, there are ineffeciencies of the trans-
ducer to convert mechanical energy into acoustic energy
that result in self-heating. To compensate for this effect,
water can be circulated through the length of the trans-
ducer housing as demonstrated in [18] to limit thermal
contributions external to the generated ultrasound waves.
In this work, however, thermal conduction from this circu-
lating water was not modeled.

Simulation Setup

The physical NBTU probe developed by Acoustic Medsys-
tems Inc (Illinois, United States) and modeled in the pre-
sented COMSOL 5.5 simulation is shown in figure 1. A
three dimensional (3D) COMSOL component was created
using the built in geometry tools to create a 1.5mm outer
diameter by 1.1mm inner diameter by Smm tall cylinder.
Four notches of 0.1mm depth by 0.05mm width were
also added such that the probe was segmented into 90°

and 180° sectors. Lead zirconate titanate (PZT-4) from
the COMSOL material library was selected as the probe
cylinder material with no modifications and simulation
properties for the transducer are shown in table 1.

The solid mechanics physics interface defined the trans-
ducer as a piezoelectric material and defined a fixed con-
straint within the inner surface of the cylinder. The piezo-
electric poling direction was defined by a base vector
coordinate system defined by the transform shown in table
2 and was aligned radially outward from the center of the
transducer geometry. The electrostatics physics interface
was also used to define a 14V electric potential along the
90° outer surface of the transducer and to define a ground
constraint along the inner surface.

Table 1. Simulation properties of the modeled NBTU applicator

NBTU Properties
Ceramic Material PZT-4
Density 7500 (kg/m*3)
Resonant Frequency | 5.0444 MHz
Electric Potential 14V

Table 2. Base vector coordinate frame used to give the poling
direction of the piezoelectric element.

Base Vectors | x y z
x1 -sin(atan2(Y,X)) | cos(atan2(Y,X)) | O
x2 0 0 1
x3 cos(atan2(Y,X)) | sin(atan2(Y,X)) | O

Table 3. Material Properties of the Simulated Acoustic Medium

Acoustic Medium Properties
Heat Capacity 3451 (J/(kg*K))
Density 1058 (kg/m”3)
Thermal Conductivity | 0.53 (W/(m*K))
Speed of Sound 1151 (m/s)
Attenuation 31.96 Np/m

The medium surrounding the transducer cylinder is
composed of a 10mm by 4mm by 6mm (LxWxH) homo-
geneous block. Outside the block there is a 0.5mm thick
perfectly matched layer (PML) that covers the entire tissue
area to absorb the outgoing waves and minimize signal
reflection. The working area of the simulation was then
defined as a quarter of the acoustic medium to leverage
the up-down and left-right symmetry in the acoustic field
as observed in our previous 2D simulations [15] and to
simplify 3D study calculations. This quarter region is il-
lustrated on the transducer in figure 2 along with a display
of other simulation properties. This simplified geometry
setup with the transducer and acoustic medium are shown
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Figure 2. Front and top view schematic of the transducer ge-
ometry with simulation parameters and properties displayed. A
quarter region of the transducer is also shown and simulated
to simplify 3D volume calculations based on produced beam
symmetry observed in our previous works.

in figure 3. The medium was given custom material prop-
erties shown in table 3 based on the measured results from
the acoustic phantom recipe presented in Farrer et al. [19]

The pressure acoustics physics interface was used to de-
fine the wave propagation through the medium as a linear
elastic fluid model with an attenuation coefficient of 31.96
Np/m. The bioheat transfer physics interface was used to
defined a heat source applied to the medium with a user
defined activation function shown in equation 1, where Q
is the absorbed ultrasound energy over the acoustic field,
acpr.Qp, is the dissipated power intensity, step is a COM-
SOL step function from 0 to 1 with smoothing of 0.005,
t is the current time step of the simulation, and ?,,0pc0n
is a constant that represents the total time the transducer
should be activated. Dynamic tissue properties such as
blood perfusion were not considered in this version of the
simulation, but should be accounted for to more accurately
represent heating within the desired anatomy.

Q = acpr.pr * Stel’(f - tprobeOn) (1)

3D Meshing and Cluster Computing

From previous work, we knew that the wave propagation
pattern was directional and created a 90° ultrasonic beam
pattern that attenuated with distance from the source [15].
The quarter region representing the acoustic medium was
separated into two sections to simplify the model and to
control the mesh resolution in the region of interest. The
first section was the region of beam propagation and re-
quired a high resolution tetrahedral mesh with a maximum
element size of A /6, where A represents the wavelength
of the emitted acoustic beam, in order to accurately view
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Figure 3. COMSOL 5.5 3D probe geometry setup using quarter
segment of the acoustic field. Blue surface represents the 90°
sector that has an applied electric potential in the simulations.

the produced ultrasonic waves. The second section repre-
sents all other regions within the acoustic medium outside
of the main beam pattern. Here, a lower resolution ex-
tremely fine mesh was used with a maximum element size
of 0.925mm. The location of these two mesh sections is
shown in the simulation setup in figure 3. The PML region
was meshed using the "swept" feature to create a five layer
structured prism mesh. A "Boundary Layer Mesh" consist-
ing of a single mesh layer with a thickness of A /12 was
also created between the inner free-tetrahedral meshes and
the surrounding structured PML mesh in order to create
a smooth transition between the two regions and yield a
more precise far-field calculation.

The studies for this 3D transducer simulation required
large volume computations that can benefit from lever-
aging increased resources and task distribution of clus-
ter computing. This approach has significant benefits in
the case of limited computing resources of a typical sin-
gle desktop computer, i.e. not enough memory or CPU
power for large models. In this work, a Linux based
cluster was used to compute the simulations using COM-
SOL 5.5 in batches. Instead of processing the model
as a whole, COMSOL can distribute small sections and
process them on multiple compute nodes simultaneously
using Microsoft Message Passing Interface (MPI). The
Turing research cluster (Linux based with a SLURM® job
scheduler) at Worcester Polytechnic Institute (WPI) was
used to submit multi-node batch jobs using shell scripts for
computing the presented 3D simulation. Four computer
nodes each equipped with two Intel® Xeon® Platinum
8168 CPU at 2.70 GHz with 12 cores and 150GB of mem-
ory per node were allocated as resources to compute the
studies in this simulation. The acoustic pressure field



frequency domain study in particular was the largest cal-
culation performed using the 3D transducer model and
required solving for 9,359,860 degrees of freedom. The
computation time using the cluster was 7h14min8s, which
is 5 hours shorter when compared to a single workstation
(2 x Intel® Xeon® Gold 6148 CPU at 2.40GHz with 40
cores in total and 384GB memory) that computed the same
simulation in 12h9min48s. The use of the cluster can be
more efficient and less time consuming than running the
same simulation on the GUI version of COMSOL.

Resonant Frequency and Eigenmode Analysis

Piezoelectric transducers have natural resonant frequen-
cies that are determined by the geometry, poling, and
material of the element. To determine these key frequen-
cies for the transducer, a COMSOL boundary probe was
placed on the 90° surface of the transducer to measure
total displacement, solid.disp. A frequency domain study
was used to sweep from 1 MHz to 10 MHz at 0.1 kHz
steps to find those frequencies that induce the highest
transducer deformation. The result of this sweep is shown
in figure 4 with the greatest deformation at 5.0444 MHz.
The 3D deformation produced by the transducer at this
frequency can also be evaluated using an eigenmode study
and is also shown in figure 4.

Acoustic Pressure Field Frequency Domain Study

The generated ultrasound waves produced by the trans-
ducer can be simulated in COMSOL using a frequency do-
main study at the selected resonant mode. The frequency
domain study uses the pressure acoustics, solid mechan-
ics, and electrostatics physics interfaces. The resulting
acoustic pressure field is shown in figure 5 and depicts a
90° high intensity ultrasonic beam pattern that attenuates
with distance from the source. Wave interference in the
produced beam can also be observed as shown within the
black square in figure 6. The produced wave propagation
induced by the probe surface deformation is controlled by
the eigenmode analysis and meshing configurations which
may contribute to this effect. Lower intensity side lobes
from the transducer edges are also perceptible and shown
within the red square in figure 6.

Bioheat Transfer Time Domain Study

The heat produced by the deposited ultrasound energy
into the medium can be modeled in COMSOL using a
time domain study using the acoustic pressure field calcu-
lated in the previous section. This study used the bioheat
transfer physics interface and simulated a 60 second ab-
lation with a 60 second cool down period at 1 second
time steps. The resulting temperature field at the peak of
the insonation period is shown in figure 7 and depicts a
90° directional heating pattern when viewed from the top.
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Figure 4. Frequency sweep from SMHz to 10MHz at 0.1 kHz
steps that is used to show the location of greatest deformation
by the transducer and the deformation of the element at this
location.
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Figure 5. Top and side view of the simulated acoustic pressure
field for the 3D applicator with a 90° beam pattern.
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Figure 6. Side view of the acoustic pressure field showing wave
interference within the black square and low intensity acoustic
fringing at the transducer edges in the zoomed-in red square.



From the side view, thermal propagation along the edges
of the transducer is also visible.

MR-Thermometry of Physical Applicator

An experimental validation of the developed three-
dimensional (3D) model was performed using a physical
needle based therapeutic ultrasound (NBTU) probe acti-
vated under magnetic resonance thermal imaging (MRTI).
The probe was inserted approximately 30mm within an
100mm by 100mm by 250mm (LxWxH) homogeneous
porcine skin gelatin phantom as shown in figure 8. The
phantom was built using the recipe from Farrer et al. [19]
and approximates the material properties used by the sim-
ulated acoustic medium. The probe-phantom setup was
placed within a GE head coil and centered in the bore of a
3T GE Signa Architect scanner (GE Healthcare, Wauke-
sha, WI).

A single-echo spoiled gradient echo (SPGR) imaging se-
quence was taken of the probe-phantom setup to calculate
referenced phase difference maps for corrected PRFS MR-
thermometry. The sequence parameters included echo
time (TE) = 13.2ms, repetition time (TR) = 93ms, flip an-
gle (6) = 30°, field of view (FoV) = (15x15)cm?, matrix
size = (256x256), 7 slice acquisition, and slice thickness =
2mm. The PRFS maps were corrected by the interpolated
phase difference maps of the non-heated outer edge region
of the phantom [20]. The PRFS thermal coefficient was
assumed to be that of water-based tissues with a value
of -0.01 ppm/°C. The NBTU probe was then turned ON
using the Theravision software (Acoustic Medsystems Inc,
Illinois, United States). The ablation was conducted for 60
seconds and then the probe was turned OFF and allowed
to cool back to room temperature (20°). The experiment
was repeated for two perpendicular scan plan orientations.

The resulting temperature maps from the collected MR
data is compared with the simulated bioheat transfer re-
sults in figures 9 and 10 after 60 seconds of ablation.
A vertical line of temperature readings crossing through
z=0and X = 0 are plotted against position in figure 9(c)
and 10(c) for the top and side view results respectively.
An RMS error between the simulated and experimental
line plots was computed and yielded a 1.56°C error for
the side view and 1.87°C error for the top view. These pre-
liminary results suggest good agreement, however, a more
in depth calibration of simulation parameters and compar-
ison with the experimental data should be conducted to
fully validate the model across all time steps.

Conclusion

A simulation for a three-dimensional (3D) piezoelectric
transducer with a 90° directional ablation pattern is pre-
sented. The model was built based on the design of an ex-
isting needle based therapeutic ultrasound (NBTU) probe

10s 60s

Figure 7. Top and side view of the simulated bioheat transfer
for the 3D applicator at 10s and 60s of ablation.

Figure 8. Experimental setup of physical NBTU applicator
within a homogeneous porcine skin gelatin phantom of known
acoustic properties for MR-validation.

used in pre-clinical thermal ablation studies. In this work,
an eigenmode analysis demonstrates the deformation by
the probe at the piezoelectric level. A frequency domain
study with a sufficiently fine mesh resolution was cre-
ated by leveraging symmetry in the model and shows the
produced high intensity ultrasound waves emitted by the
transducer. A bioheat transfer time domain study was
then computed for the model and compared with temper-
ature maps from the physical applicator collected under
MR-thermometry. Future work will focus on improving
the calibration between the model and the experimental
results, creating a 3D simulation of a rotating transducer
similar to the 2D version presented in [21], and inves-
tigation of non-static material properties such as blood
perfusion to more accurately represent heating within the
desired anatomy.
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Side View Experimental Data for Sectored Probe after 60s of Heating
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Figure 9. Side view of (a) the experimental MRTI data and (b)
the simulated bioheat transfer results after 60 seconds of ablation.
Temperature values through the middle of the temperature maps
at z=0 are plotted in (c) for comparison.
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