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Introduction

Thermal ablation driven by an acoustic heat source
has tremendous potential for the treatment of
diseased tissue. In many applications, such as treating
tumors in the liver, bulk removal of tissue is required,
and thermal ablation can reliably cause necrosis for a
relatively large tissue volume by inducing
coagulative necrosis [1]. In current practice, the most
common thermal ablation technique is
radiofrequency (RF) ablation, which uses
electromagnetic radiation in the 400-700 kHz range
[2]. Compared to RF ablation, acoustic ablation can
be used to target tissue more selectively while also
being minimally invasive [3].

Currently, high-intensity focused ultrasound (HIFU)
is a widely used therapeutic technique used to ablate
tissue using an external transducer that focuses
acoustic energy into a small volume of tissue [3]. By
using hundreds of overlapping focal zones, the tumor
volume can be ablated as shown in Figure 1 below
[4]. However, in areas where there is substantial
motion (such as from breathing) or regions with
bones or gaseous pockets, extra-corporeal HIFU is
not suitable due to decreases in pressure gain caused
by attenuation and phase aberration. Interstitial
applicators allow for more control over the ablation
and minimize the effects of attenuation and phase
aberration [5].
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Figure 1. High-intensity focused ultrasound (HIFU) [3]

Catheter-based ablation devices consisting of linear
arrays of independently powered tubular transducers
offer precise control of the heating pattern, allowing

for the spatial power deposition to be altered both
along the length of the applicator and in the axial
direction for more accurate targeting. In comparison
with RF ablation devices, catheter-based applicators
using arrays of acoustic transducers have been shown
to offer more accurate three-dimensional spatial
control of heating and energy deposition and
enhanced penetration of energy [1]. Catheter-based
acoustic ablation devices also have the added
advantages of applying a thermal dose quickly,
limiting the diffusion of heat in healthy tissue, and
imaging of the tissue can be done using the
ultrasound transducers on the applicator [5].

Catheter-based acoustic ablation devices have great
potential to be used for the treatment of cancer in
regions that are surgically inoperable. In addition to
clinical data showing the efficacy of thermal ablation
using a catheter-based acoustic ablation device,
simulations modeling acoustic ablation have been
performed by using numerical solutions of the Pennes
bioheat-transfer equation [1].

Finite Element Model

To understand the interaction between acoustics and
heat transfer necessary for an acoustic ablation
device, Veryst used COMSOL Multiphysics® to
simulate the propagation of acoustic waves through
liver tissue. Veryst simulated a catheter ablation
system with an array of piezoelectric acoustic
transducers based on a Boston Scientific patent [6].
We modeled the ablation device and tissue in
COMSOL using a 2D-axisymmetric geometry.

Figure 2. 2D geometry of ablation device, surrounding
tissue (yellow), and blood (red)



The ablation device consists of a rigid stainless-steel
shaft with an array of twenty-four annular PZT (lead
zirconate titanate) transducers held to the shaft by an
acoustic insulating epoxy, as seen in Figure 3. The
ablation device was encased in a polycarbonate bag
filled with aqueous cooling fluid.
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Figure 3. 3D geometry of ablation device.

Laminar Flow

We designed the catheter system supporting the
piezoelectric transducers with a hollow central shaft
to allow for a cooling fluid (25°C) to circulate
through the device, keeping the temperatures of the
ablation device from reaching the ablation temperate
desired in the tissue. We used a laminar flow model
to simulate the circulation of the cooling fluid
through the catheter system.
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Figure 4. Fluid velocity and streamlines in a cross section
of the ablation device

Acoustics

We modeled the acoustic pressure field from the
ablation device using the power generated by a
voltage difference of 2.75 V on the piezoelectric

transducers. By first running an eigenfrequency study
to identify the frequencies with the desired mode
shape of the transducers (displacement in the radial
direction), we were able to identify that a frequency
of 5.27 MHz would generate the most effective
pressure waveform for ablation with our geometry.
We used a perfectly matched layer (PML) to resolve
the waves that were not completely attenuated by the
tissue and blood. The acoustic attenuation coefficient
for each material was evaluated based on the
frequency using parameters given in Ref. [7].
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Figure 5. Plots showing (a) acoustic pressure (b) closer
view of acoustic pressure near transducer array (c) absolute
acoustic pressure



Bioheat Transfer Theoretical Model

The heat transfer physics in the model was solved
using the Pennes bioheat equation, with an added
term for perfusion losses as shown below. In
Equation 1, p is the tissue density (1.050 g/cm?) [8],
Cpe is the specific heat capacity for tissue (3540
JIkg/K) [9], T' is the temperature rise over blood
temperature (°C), k; is the thermal conductivity of
tissue (0.469 W/m/K) [9], w,, is the blood perfusion
rate (6.4e-3 1/s) [10], ¢, is the specific heat
capacity for blood (3594 J/kg/K) [11], and Q. is the
total generated heat from the acoustic energy
deposition of the transducers.

The total heat generated from the transducers can be
approximated as the sum of the contributions from
each individual transducer [10]. We used frequency-

dependent acoustic absorption coefficients from Ref.

[7] (0.694 1/m for water at 5.27 MHz, 54.5 1/m for
tissue at 5.27 MHz) for the acoustic study in
COMSOL.

oT'

pcptﬁ = V[ktVT,] - wbcpr, + Qqc (1)

Bioheat Transfer Simulation

In order to simulate heat transfer in the tissue, we
used the plane wave power deposition density
generated by the acoustic study as a heat source in
the bioheat transfer study.
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Figure 6. Heat source from acoustic pressure

We used a step function to turn off the heat source
after 6 minutes of heating, simulating allowing the
tissue to cool after the ablation device is turned off.

We modeled the boundaries of the tissue and blood
using a heat flux boundary condition where the
external temperature was body temperature (37°C)
and where we estimated the heat transfer coefficient
h to be 50 W/m?/K.

We set the initial temperature in the ablation device
to 25°C and the initial temperature in the cooling
fluid to 25°C. The temperature profile of the tissue
after the bioheat transfer study is shown below in
Figure 10.
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Figure 10. Temperature distribution in ablation device,
tissue, and blood (a) at initial state before the start of
ablation (b) after 5 minutes of heating

The acoustic heat source raised the temperature in the
tissue to a maximum value of 49°C, taking into
account blood perfusion.
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Figure 11. Maximum temperature in the tissue over the
ablation period



Resulting Damage

We evaluated the fraction of damaged tissue (with a
value of 1 indicating necrosis) using an Arrhenius
kinetics damage integral, with values of activation
energy and frequency factor for liver tissue from Ref.
[9]. Compared to the original design (Figure 12a), the
damage varied based on factors such as the
distribution of power in the transducers (Figure 12b
and 12d) and the temperature of the cooling fluid
(Figure 12c).
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Figure 12. Fraction of damaged tissue from Arrhenius
kinetics damage integral after 10 minutes (6 minutes of
heating and 4 with the power source turned off) in (a)
original model with uniform power distribution along
transducer array (b) model with transducer power
maximized in central transducers of the array (c) model
with cooling fluid at a temperature of 10°C (d) model with
transducer power maximized in upper and lower regions of
the transducer array

Comparing the model with transducer power
maximized in central transducers of the array (b), we
can see that the ablation zone is narrower along the
length of the applicator and that the damage is more
focused into this narrower region.

The model with cooler fluid at 10°C (c) shows lower
damage due to lower temperatures being sustained,
but the ablation zone is also shifted radially further
from the ablation device.

Changing the power distribution to have the
transducer power maximized in upper and lower

regions of the transducer array (d) creates a more
even temperature distribution along the length of the
applicator widens the ablation region. The maximum
temperature is lower than in the original model due to
the widened ablation region, but the total power is
still the same.

Summary

Understanding and modeling the thermal damage that
can be achieved by heating a tissue using an acoustic
heat source allows us to simulate the design of an
interstitial ablation device to be used for the
treatment of tumors which cannot otherwise be
treated. Using COMSOL Multiphysics®, we
simulated a catheter-based acoustic ablation
applicator with an array of piezoelectric acoustic
transducers and calculated the bioheat transfer in
liver tissue from acoustic heat source due to pressure
losses in the tissue. Determining the temperature as
well as the shape of the ablation zone are important
considerations for designing an ablation device, and
changing the power distribution of the linear array of
transducers can produce accurately targeted ablation
zones.

Overall, this model showed how simulation tools can
allow for the rapid iteration of various geometries
and parameters and provide a great starting point for
the development of complex medical devices.
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