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Focused Ultrasound Ablation for
the Treatment of Patients With
Localized Deformed Breast
Cancer: Computer Simulation

This paper is carried out on the computer simulation of breast cancer treated using a
high intensity focused ultrasound (HIFU). The mathematical models consist of the pres-
sure acoustics equation, bioheat equation, heat transfer in a blood vessel, momentum
equations in a blood vessel, and mechanical deformation equation. In the numerical sim-
ulation, these mathematical models are solved by using an axisymmetric finite element
method (FEM) with time-dependent, thermal and acoustic properties to describe the tem-
perature distribution and the total displacement in tissue. The comparison of the simu-
lated results in the model with two sizes of the cancer tumor and two frequencies of
ultrasound are also considered in order to approach realistic tissue modeling. The results
show that the breast cancer model with deformation, which is the more accurate way to
simulate the physical characteristics of therapeutic breast cancer compared to the litera-
ture results, hence leads to more useful in the medical approach and this study was con-
ducted to prevent errors caused by inaccurate focal points. [DOI: 10.1115/1.4044393]
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1 Introduction

Over the years, cancer has grown into deadly infection and
leads to the majority of deaths around the world. According to
The World Health Organization (WHO), the global burden of can-
cer has doubled since last 30 years, which will further double by
2020 and triple by 2030 [1]. Cancer once commonly identified in
westernized and industrialized countries has now become a com-
mon disease of low- and medium-resource countries [2].

Breast cancer is a major health concern in the community and
an important cause of cancer death in women. Surgical breast can-
cer treatment is effective but is a highly invasive procedure espe-
cially for the treatment of early diagnosed cancers (small tumors).
Therefore, the need for minimally invasive techniques in the treat-
ment of breast cancer has increased in recent years.

High intensity focused ultrasound (HIFU) is a treatment that
aims to kill cancer cells with high-frequency sound waves. HIFU
does not pass through bones or solid air, so it is not suitable for all
types of cancer. These waves deliver a strong beam to a specific
part of cancer. Some cells die when this high-intensity ultrasound
beam is focused directly onto them. HIFU is only useful to treat a
single tumor or part of a large tumor. It cannot be used to treat
tumors that are more widespread. This means that HIFU is not
suitable for people with cancer that has spread to more than one
place in their body. HIFU has been successfully used as a new
technique for treating tumors in clinical application [3,4].
Although other methods of thermal ablation such as the laser,
microwave, and HIFU are being performed, HIFU is currently
receiving the greatest attention in the light of several factors: its
general availability, the recent technical advances help facilitate
the use and aggressive marketing of cancer. HIFU Treatment is a
revolutionary, minimally invasive radiation-free treatment for
patients with localized breast cancer or tumor. Ultrasound energy
does not cause harm to any tissue surrounding the targeted focal
points. Advantages of HIFU Treatment are no blood loss, nonsur-
gical, radiation-free, quick recovery, and an outpatient procedure.
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Ultrasound has been used for a variety of therapeutic applications
including muscle diathermy and bone healing [5], controlling
drug release [6,7], and mild hyperthermia [8-10] Ultrasound
exposure has been shown to reduce smooth muscle cell prolifera-
tion in vitro [11]. Focused ultrasound ablation is highly attractive
because of wide acceptance of ultrasound in medicine, easy and
accurate focusing to the deeply seated organs in the body, high
efficiency in perturbing cell membranes and increasing their per-
meability, noninvasiveness, nonviral nature, low cost, and nonio-
nization for theoretically unlimited treatment [12]. Therefore, the
numerical analysis of heat transfer in breast cancer exposed to
focused ultrasound ablation will provide useful information on the
absorption of pressure acoustic energy, temperature distribution,
and the total displacement under a variety of exposure conditions.
The thermal modeling of breast cancer tissue is important as a
tool to investigate the effect of external heat sources, and to pre-
dict abnormalities in tissues, for example, expanding of tissue.
However, in real situations, the temperature cannot be measured
directly in the human body but must be found indirectly through
numerical techniques.

There are some experimental studies of temperature in animals,
such as in rats, cows, and pigs [13,14]. However, the results may
not represent the practical transport processes that occur in human
tissues. Calculating the electromagnetic field, the pressure acous-
tics energy, total displacement distribution, and the temperature
distribution become more complex when the human body is non-
uniform in shape and contains several organs or tissues. Our
research group and other groups have numerically investigated the
temperature distribution in porous tissue and human tissue sub-
jected to the electromagnetic field in different situations. For
example, Montienthong et al. [15] studied the distributions of
solid and fluid temperatures, concentration, and flow field within a
porous media under electromagnetic wave and investigated based
on the local thermal nonequilibrium model. Wessapan and
Ratanadecho [16] carried out a three-dimensional human head
model, which was used to simulate the SAR distribution and the
temperature distribution over the human head at different geome-
try. The results show that the maximum temperature increase in
the skin of an adult head is higher than that of child head. While
the maximum temperature increase in the brain of an adult head is
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lower than that of child head. Moreover, it is found that the tem-
perature distributions in human head induced by mobile phone
radiation are not directly related to the SAR distribution, due to
the effects of dielectric properties, thermal properties, blood
perfusion, and penetration depth of the electromagnetic power.
Klinbun and Rattanadecho [17] carried out numerically the heat-
ing of multilayer porous packed bed, which is subjected to the
microwave radiation with a rectangular waveguide. Wessapan and
Ratanadecho [18] carried out the simulation of the SAR distribu-
tion and temperature distribution in an anatomically human eye
exposed to electromagnetic field based on porous media theory.
Wessapan et al. [19] carried out a two-dimensional human cross
section model, which was used to simulate the SAR distribution
and temperature distribution over the human body at different fre-
quencies. Wongchadakul et al. [20] developed the thermal
mechanical deformation model of skin during laser-induced ther-
motherapy based on a three-layered skin model. Manenti et al.
[21] studied and compared the efficacy of radiofrequency ablation
and Cryoablation in the treatment of early breast cancer. Quaranta
et al. [22] evaluated the efficacy of cool-tip electrode RF breast
ablation in terms of temperature distribution and duration of the
procedure as compared with conventional multiprobe RF breast
ablation. Hipp et al. [23] used a clinical MR-HIFU platform
designed for treatment of uterine fibroids, tissue-mimicking phan-
toms, and ex vivo tissue to evaluate limitations and safety con-
cerns of wave reflections from a reflective medium. Yang et al.
[24] evaluated the effect of high-intensity focused ultrasound
(HIFU) on subcutaneous murine neuroblastoma C1300. HIFU
treatment was administered with a focused 4-MHz quartz trans-
ducer with a peak intensity of 550 W/cm?. In experiment, 60 ani-
mals with tumor were divided into four groups. All the animals
received a second tumor challenge in the right flank. Reduced
tumor growth following a second tumor challenge was demon-
strated in group IA as compared with other groups (P < 0.001),
implying a stimulation of host tumor immunity following curative
HIFU treatment. The data suggest that HIFU may be an alterna-
tive modality for the treatment of unresectable neuroblastoma.
The first clinical application of HIFU was the use of extracorpor-
eal shockwave lithotripsy as a method for treating kidney stones
and due to the development of modern technology and advanced
imaging methods, interest in HIFU was revived in the 1990s, real-
izing that it can produce instant cell death to the focused areas of
tissue. Currently, HIFU has been used in the treatment of both
benign and malignant tumors in the liver, breast kidney, uterine,
and prostate [25,26].

This study considers the computationally determined the acous-
tic pressure field, intensity magnitude, temperature distribution,
and the total displacement distribution in the breast cancer tissue
exposed to the focus ultrasound ablation. Much attention is paid
to the effects of the ultrasound frequency and size of tumor on the
acoustic pressure field, the intensity magnitude, temperature dis-
tribution, and the total displacement distribution induced by expo-
sure to focused ultrasound ablation obtained through numerical
simulation of the pressure acoustics, Pennes’ bioheat equation,
stress—stain equation, the momentum equations, and heat transfer
in blood vessel. The work described in this paper extended from
previous work by further enhancing the focus on the effect of the
expand breast cancer tissues and total displacement distribution
under the focus ultrasound ablation. This computer simulation is
indispensable to preplanning treatment application in order to pre-
vent injury from unwanted thermal.

2 Formulation of the Problem

According to the real biological structure, the breast cancer tis-
sue is divided into three layers: the fat, the glandular, and the mus-
cle [1]. In a realistic situation, when the breast cancer tissue is
exposed to ultrasound ablation, deformation is occurred at the
heated positions due to the temperature distribution. In this work,
a two-dimension axisymmetric thermomechanical breast cancer
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Table 1 The thermal properties of the breast cancer tissues [1]

"

Breast tissue layers & c k p Wp Ornet
Fat 5 3000 0.21 920 0.1796 x 107> 400
Glandular 45 3000 048 1080 5.3908 x 10~* 700
Muscle 15 3800 048 1085 5.3908x10* 700
Blood — 4200 0.501 1060 — —

Table 2 The acoustic properties of breast and cancerous
tissues [1]

Breast tissue layers ¢, (speed of sound) o at 1 MHz oat1.5MHz g

Fat 1479 =32 0.158 0.2098 1.7
Glandular 1553 + 35 0.870 1.0655 1.5
Muscle 15455 1.09 1.2819 1.4
Blood 1540 0.1303 0.1532 1.4

tissue model is used to study phenomena that occur in the tissue
layer during subjected to ultrasound ablation. The absorption
characteristics and phenomena occurred in breast cancer tissue
depend on a number of factors, including the thermal properties of
breast cancer tissues, and acoustic properties, as shown in Tables 1
and 2, respectively.

2.1 Analysis of the Pressure Acoustics, Frequency
Domain. Ultrasound is a mechanical vibration of matter with a
frequency above the audible range (more than 20 kHz). The wave
is propagating through the medium as a disturbance of the par-
ticles in the medium supporting the wave. Particles will oscillate
around their mean positions in a 3D manner, in general, liquids,
soft tissue, and gas production only longitudinal waves. The fac-
tors of acoustic impedance are properties of the wave of the object
that the wave is progressing through. Ultrasound wave propagat-
ing in the breast cancer tissue will be attenuated because of
absorption and scattering.

The mathematical models illustrate the pressure acoustics and
its variations and relate them to the physiological phenomena that
arise from the interactions between focused ultrasound ablation
and biological tissues. To simplify the problem, the following
assumptions are made:

(1) The pressure acoustics is modeled in two dimensions.

(2) The focused ultrasound interaction with the tissue proceeds
in the open region.

(3) The free space is truncated by a scattering boundary
condition.

(4) The model assumes that the acoustic properties of each tis-
sue are constant.

To describe the ablation of focused ultrasound through a tissue,
the focused ultrasound ablation is calculated using the pressure
acoustics, which mathematically describes the interdependence of
the focused ultrasound ablation. The general form of the pressure
acoustics is simplified to demonstrate the focused ultrasound abla-
tion that into the breast cancer tissue as follows:

The pressure acoustics, frequency domain [27]

kegp
=2 _9, )

c

V- (—pi(Vp, - fld))

¢

2 2
ORI
Ce 7
=25 3)

p, is the acoustic pressure (N/m?), @ is the angular frequency
(rad/s) c. is speed of sound (m/s), g, is the dipole source term
(W/m>), O, is the monopole source term (W/m?), o is the acoustic
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Fig. 1 The breast cancer tissue model: (a) three-dimensional breast cancer tissue model with ultrasound ablation and (b)
two-dimensional breast cancer tissue model with ultrasound ablation: (a) 3D domain and (b) 2D axisymmetric domain

attenuation coefficient in the breast tissue and the vessel (dB/cm
MHz).

In this study, the dipole source term and the monopole source
term assumed to be zero.

The boundary condition for the pressure acoustics, frequency
domain as below

1
Sound hard boundary wall —n - (——(Vp, - qd)> =0
Intensity determined / = %
o

2.2 Analysis of the Heat Transfer in Breast Cancer Tissue.
To solve the thermal problem, the coupled effects of the pressure
acoustics propagation and the unsteady bioheat transfer are inves-
tigated. The temperature distribution corresponds to the thermal
properties of breast cancer tissue. The absorbed energy from the
mechanical wave (acoustic pressure) is converted to thermal
energy, which increases the tissue temperature. To reduce the
complexity of the problem, the following assumptions are made:

In order to simulate the breast cancer ablation, a model of
unsteady heat transfer, as well as boundary conditions, is investi-
gated. Heat transfer analysis on the tissue during breast cancer
ablation is modeled in a 2D tissue thermomechanical model con-
structed in an axis symmetric plane. To simplify the problem, the
following assumptions are made:

M
(@)

(3)
“

(%)
(6)

()

The breast cancer tissue is a bio-material with constant
thermal properties in the same layer.

There is no phase change of substance in the breast cancer
tissue.

There is no chemical reaction in the breast cancer tissue.
The two-dimensional model with an axisymmetric plane is
assumed.

Unsteady heat transfer is considered.

The contact surface between each tissue is assumed to be a
smooth condition.

All the breast cancer tissues are assumed to be homogene-
ous and isotropic.

The modeling of heat transport in tissue was first introduced by
Pennes based on the heat diffusion equation. The equation is nor-
mally called Pennes’ bioheat equation and it is frequently used for
the analysis of heat transfer in human tissues. Due to simplifica-
tions of the Pennes’ bioheat model, other researchers have estab-
lished mathematical bioheat model by extending or modifying the
Pennes’ bioheat model [28-30]. Although many advanced trans-
port models of biological tissue have been proposed, Pennes’ bio-
heat model is still a good approximation and it is still widely used

Journal of Heat Transfer

for modeling the heating of biological tissue because of its easy
implementation and its minimal data requirement.

The temperature increase in the breast cancer tissue is obtained
by solving Pennes’ bio-heat equation [31,32]. The transient bio-
heat equation effectively describes how heat transfer occurs
within the breast cancer tissue, and the equation can be written as:

Pennes’ Bioheat Equation

or
pC— =V (kVT) + prbU)b(Tb - T) + Qmet + Qext

T (&)

where p is the tissue density (kg/m?), C is the heat capacity of the
tissue (J/kg K), k is the thermal conductivity of the tissue (W/m
K), T is the tissue temperature (°C), p,Cpp(T, — T) is a source
term accounting for blood perfusion, 7}, is the temperature of the
blood (°C) assumed to equal 36 °C, p, is the density of the blood
(kg/m3), C), is the heat capacity of the blood (J/kg K), wy is the
blood perfusion rate (1/s), Ome is the metabolic heat source
(W/m3) neglected since it is small, and Q. is the external heat
source (the acoustic pressure heat source) (W/m?>). Tables 1 and 2
show the acoustic and thermal properties of the breast cancer tis-
sues used in the simulations.

Because the general heat transfer application in COMSOL does
not include the thermal effects of perfusion included in the Pennes’
bioheat equation, the effects of perfusion were simulated in the mus-
cle and fat tissues using the external heat source term (Qey ), Which
is equal to the resistive heat generated by the ultrasound ablation.

The boundary condition for the heat transfer analysis: It is
assumed that no contact resistance occurs between the internal tis-
sues of the breast cancer. Therefore, the internal boundaries are
assumed to be continuous. The heat transfer analysis excludes the
surrounding space and is considered only in the breast cancer tis-
sue model. The breast cancer tissue, as shown in Fig. 1, is consid-
ered under the constant boundary condition, At the initial stage,
the temperature distribution within the breast cancer tissue is
assumed to be uniform at 36°C. Therefore, the temperature
boundary condition of 36 °C is applied to all the surface bounda-
ries. The initial temperature of skin tissue is 36 °C.

2.3 Analysis of Mechanical Deformation. In this study,
breast cancer tissue is considered an isotropic material. The physi-
cal problem of solid mechanics for axisymmetric geometry can be
described mathematically using the equilibrium equation, the
stress—strain relationship, and the strain displacement relationship
as follows:

Stress—stain equation

0 (g
or

00, +
0z r

I — 990

+F, =0 ©)
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Fig. 3 Computational model: Axis symmetrical model geometry and physical domain
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where ¢ in Egs. (6) and (7) denotes the stress (Pa), F, is the exter-
nal body load (0 here).

In this study, the boundary condition for the mechanical defor-
mation analysis is assumed to be free for all surfaces. The tissue is
deformed as an effect of thermal strain. In addition, the initial
stress and strain are set to zero.

and 0,,; = 0Pa(N/m2) (8)

Oriy Ogis Oz

and ¢, =0 )

Eriy Eqiy Ezi
where ¢ in Eq. (9) denotes the strain (Pa).

2.4 Analysis of the Momentum Equations in Blood Vessel.
This study models the blood vessel flow in the relative blood ves-
sel within the breast cancer using the continuity and momentum
equations for the laminar and incompressible blood vessel flow
and can be written.

The momentum equations in blood vessel

8142

P +p(uz - V)(u2) =V - [—P31 + M(Vuz + (Vuz)T)] +F

(10)
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pV - (u2) =0 (11)
Here, u, represents the blood vessel velocity, p is the pressure, p
is the blood density, F is the prescribed body force per unit
volume

F = Gravity is a body force that acts in the negative z-direction.

F=ppg

where p is the dynamic viscosity.The initial velocity field vy is
assumed to be divergence-free.

To reduce the complications of the problem, the following
assumptions are applied that velocity flow in blood vessel is con-
stant. The boundary condition for the momentum equations in
blood vessel: normal inflow and outflow velocity are 6.8 m/s, ini-
tial velocity =0, p =90mmHg [33] and no-slip boundary condi-
tion are applied at all the walls.

2.5 Analysis of the Heat Transfer Equation in Blood
Vessel. Heat transfer in blood vessel

ar
pCp—">

p5+pCpuVT2+Vq=Q+Qp+de (12)

q=—kVT, (13)

T, represents the blood vessel temperature and Q + O, + Q.4 is
the volumetric heating of blood volume due to external source.
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Fig. 5 The two-dimensional finite element mesh of breast cancer model: (a) bioheat equation, heat transfer, nomentum equa-
tions in vessel, and mechanical deformation equation and (b) the pressure acoustics equation

The boundary condition for the heat transfer equation in blood
vessel

The constant temperature at all boundary is 36 °C, and the ini-
tial temperature is 36 °C.

3 Method and Model

In this study, the frequencies of 1.0 and 1.5 MHz are chosen. As
these frequencies are used globally in a wide range of applica-
tions, ultrasound ablation was simulated in breast cancer tissue
models, using the finite element (FEM) method. The resulting
ultrasound power accumulation patterns were used as a heat
source for the Pennes’ bioheat equation in a COMSOL® Multi-
physics heat transfer model. To sufficiently explain the biological
effects, which are associated with the ultrasound ablation, a sys-
tematic study of ultrasound ablation distribution patterns that
interact with tissues is necessary. Therefore, this study presents
the computational determination of the acoustic pressure and

Journal of Heat Transfer

temperature distribution in the breast cancer tissue exposed to the
focus ultrasound ablation. The breast cancer model comprises five
types of tissue viz., fat, glandular, muscle, blood vessel, and
tumor. The study focuses attention on temperature distribution
and mechanical deformation induced in the breast cancer tissue
subjected to focused ultrasound ablation in different situations.
The FEM numerical simulation via COMSOL™ Multiphysics is
applied to model the temperature distribution and deformation of
breast cancer tissue. The phenomenon of ultrasound in the breast
cancer tissue is described using the pressure acoustics.

3.1 Physical Model. A two-dimension axisymmetric breast
cancer model is employed to determine the temperature distribu-
tion and deformation within the breast cancer tissue during ultra-
sound ablation process. Fig. 2' shows treating a patient with

'http://www.biomaxx-holding.com/HIFU.php
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Fig. 7 The intensity magnitude at frequency of 1.0 and 1.5 MHz, size of tumor of 5 mm at ablation time of 10 s

HIFU. Fig. 1 shows the 3D and 2D of the breast cancer tissue
model with focused ultrasound ablation used in this study.
Although the breast cancer tissue comprises of complex hetero-
geneous tissue, the model used in this study was assumed and con-
structed in an axisymmetric plane with three distinct layers viz.,
fat, glandular, and muscle tissue, as shown in Fig. 3, that shows
the computational model: axis symmetrical model geometry, and
physical domain used in this study. To simplify the problem, these
layers are assumed to be homogeneous, uniform, and isotropic in
the same layer, which means there is no difference in the thermal
and acoustic properties within any layer. The focused ultrasound
ablation to the surface has a portion of the mechanical vibration at
the breast tissue. The acoustic and thermal properties of breast
cancer tissues are given in Tables 1 and 2. Figure 4 shows the
computational model of breast cancer tissue upside down model.
Figure 5 shows the two-dimensional finite element mesh of breast
cancer model. (a) Bioheat equation, heat transfer, momentum

101101-6 / Vol. 141, OCTOBER 2019

equations in blood vessel, and mechanical deformation equation
and (b) The pressure acoustics equation.

4 Results and Discussion

Currently, HIFU has been used in the treatment of both benign
and malignant tumors in the liver, breast, kidney, uterine, and
prostate [25]. In HIFU, a wave propagates from the transducer
through the different tissue layers toward the target site (Fig. 2). A
part of the energy carried by the sound wave is reflected every
time the ultrasound wave reaches a tissue boundary, while the
remaining energy will pass through the tissue layer. The amount
of energy that passes through is dependent on the density of the
tissue, the speed of sound within tissue layers, and the thickness
of the tissue layers. It is, therefore, important to minimize the
effect of reflection at the tissue boundaries, as it will otherwise not
be feasible to reach the target [25,34]. When an ultrasound wave

Transactions of the ASME
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size of tumor 10 mm, f 1.0 MHz
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moves through a soft tissue layer, shearing motion is generated by
the induced pressure fluctuations, which results in frictional heat-
ing. When an ultrasound wave propagates through inhomogene-
ous media, the wave is scattered in all directions, due to the small
regions with different properties within this media, compared to
their surroundings, resulting in a loss in acoustic energy [25,35].
The attenuation coefficient is related to the ultrasound frequency
and is therefore in most tissues ideal for the use of noninvasive
treatment. However, problems arise when the ultrasound excita-
tion frequency is increased, which causes both the absorption
coefficient and the attenuation coefficient to increase, resulting in
a higher heat disposition and a lower penetration depth [25,35].
As a result, the optimal treatment frequency is dependent on the
application; a compromise is needed between the desired penetra-
tion depth and the hyperthermia rate [25,35,36].

When an ultrasound wave propagates linearly through soft tis-
sue, the hyperthermia rate is dependent on the incident ultrasound
intensity and the local tissue absorption coefficient. Any nonlinear
mechanism that gives rise to higher frequency components in the
ultrasound wave will produce enhanced heating due to the fre-
quency dependency of the absorption coefficient previously
described. Two mechanisms play an important role in HIFU; non-
linear wave propagation and cavitation [25,37].

In nonlinear wave propagation, the ultrasound wave becomes
gradually shocked resulting in energy loss from the excitation fre-
quency to higher frequencies. The extent of this loss is dependent
on the amplitude of the incident wave, the nonlinearity of the
medium, and the travel distance of the ultrasound wave. The non-
linear effects become more significant in HIFU when there is an
increased treatment depth or when a region of high intensity is
similar to a region of fatty tissue, which has a higher amount of
nonlinearity. In HIFU, the heating observed is contributed to sig-
nificantly by nonlinear wave propagation [25,26].

High-intensity focused ultrasound (HIFU) therapy has been
developed as the noninvasive treatment of deep cancers in particu-
lar. Issues as the defocusing and distortion of ultrasound in the
body and the long treatment time in current HIFU should be
resolved quickly. So, this 2D numerical simulation is required for
the early development of the advance HIFU system.

The effects of ultrasound frequency, size of tumor on the tem-
perature distribution, total acoustic pressure, intensity magnitude,
and total displacement in deformed breast cancer tissue during
focused ultrasound ablation were carried out systematically.
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4.1 Verification of the Model. In order to verify the accu-
racy of the present numerical model, the modified case of the
simulated results was then validated and the numerical results
with the geometric model under the same conditions were
obtained by Bhowmik et al. [1]. The axial symmetry-layered
breast tissue model, which comprises fat, glandular, and muscle is
simulated with an ultrasound frequency of 1.5 MHz and size of
tumor of 5 and 10 mm. The temperature distributions with elapsed
times are indicated and compared with the present result in Fig. 6.
Overall, the results of this study are in excellent agreement with
the analytical results obtained by Bhowmik et al. [1]. This highly
favorable comparison lends confidence to the accuracy of the
present numerical model. This agreement supports the present
numerical model, which is accurate. However, some errors may
occur in simulations by acoustic properties, thermal properties,
and numerical scheme. This model can be used to describe the
fundamental attributes of heat transfer and the total displacement
in a breast cancer tissue subjected to an imposed focus ultrasound
ablation.

4.2 The Intensity Magnitude and the Acoustic Pressure
Field. Wave frequency is an important parameter in therapeutic
ultrasound. Ultrasound increases with frequency consequently;
high frequency ultrasound is used for imaging and therapy near or
at the body surface, while low-frequency ultrasound is appropriate
for deeper imaging and therapy [38,39]. Frequency also has an
effect on the dimensions of the focal points.

Figure 7 shows the intensity magnitude at size of tumor of
5mm, frequency of 1.0 MHz and 1.5 MHz with ablation time of
10s. The maximum intensity magnitude of frequency of 1.0 MHz
and 1.5MHz is 1.1795 x 10° and 5.6767 x 10, respectively, at
the focal points, since ultrasound frequency direct variation on
intensity magnitude. Figure 8 shows the bar graph maximum
intensity magnitude of the different ultrasound frequency (1.0 and
1.5 MHz) and the size of the tumor (5 and 10 mm) at an ablation
time of 10s. The bar graph shows the maximum intensity magni-
tude of ultrasound frequency of 1.5 MHz is higher than ultrasound
frequency of 1.0 MHz. The maximum intensity magnitude of the
size of tumor of 10mm is a little higher than of size of tumor of
5Smm, show that larger size accumulates more intensity magni-
tude. Figure 9 shows the total acoustic pressure field in the breast
cancer tissue domains at frequency of 1.5 and 1.0 MHz, size of
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Fig. 11
10, 20 and 100 s: (a) size of tumor 5 mm and (b) size of tumor 10 mm

tumor of 5 mm and 10 mm. (a) size of tumor 5 mm, f 1.5 MHz, (b)
size of tumor 10mm, f 1.5MHz, (c) size of tumor 5mm, f
1.0 MHz, (d) size of tumor 10 mm, f 1.0 MHz. The maximum total
acoustic  pressure field is  4.458 x 1077, 4529x 1077,
2.022x 1077, and 2.086 x 107, respectively. Figure 10 shows
the bar graph of the maximum total acoustic pressure field of the
different ultrasound frequency (1.0 and 1.5MHz) and size of
tumor (5 and 10 mm) at ablation time of 10s. From the graph, it
can be seen that the maximum total acoustic pressure field of the
greater tumor size (10mm) is a little higher than that of the
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The temperature distribution at frequency of 1.5 MHz, size of tumor of 5mm and 10 mm, ultrasound ablation time at

smaller tumor size (5 mm), and the maximum total acoustic pres-
sure field of ultrasound frequency of 1.5 MHz is higher than that
of ultrasound frequency of 1.0 MHz, showing that larger size
accumulates more total acoustic pressure field and high ultrasound
frequency causes high maximum total acoustic pressure field.

4.3 The Temperature Distribution. In general, the energy
of pressure acoustic wave is quite high and causes a significant
rise in the local temperature of the targeted tissue and has the
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Fig. 12 The temperature distribution at frequency of 1.0 MHz, size of tumor of 5mm and 10 mm, ultrasound ablation time at
10, 20, and 100 s: (a) size of tumor 5 mm and (b) size of tumor 10 mm

ability to heat the deep seated tumor selectively. The rise in tem-
perature within breast cancer is a function of physical properties
of the medium, configuration of the acoustic device, frequency of
ultrasound, exposure time, and the time of ablation.

Figure 11 shows the temperature distribution at frequency of
1.5 MHz, size of tumor of 5mm and 10 mm, ultrasound ablation
time at 10, 20, and 100s (a) size of tumor 5Smm, f 1.5 MHz, (b)
size of tumor 10 mm, f 1.5 MHz. Figure 12 shows the temperature
distribution at frequency of 1.0 MHz, size of tumor of 5mm and
10 mm, ultrasound ablation time at 10, 20 and 100s (a) Size of

101101-10 / Vol. 141, OCTOBER 2019

tumor 5 mm, f 1.0 MHz, (b) Size of tumor 10 mm, f 1.0 MHz, the
maximum temperature distribution at exposure time 10s at ultra-
sound frequency of 1.5 and 1.0MHz is 72.0234°C and
71.8447 °C, respectively. The higher frequency resulting in higher
intensity magnitude caused a higher, more concentrated power
deposition.

Figure 13 shows the temperature distribution of the different
ultrasound frequency (1.0 and 1.5 MHz) and size of tumor (5 and
10 mm) at the ablation time of 0, 10, 20, 40, 60, 80, and 100s. See
that the temperature changes over time increase from 36 °C until
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quency and size of tumor at ablation time of 10s

71-72°C at 10s. Then the temperature gradually decreases over
time at 36-37°C

Figure 14 shows the temperature distribution along radial direc-
tion of the different ultrasound frequency and size of tumor at
ablation time of 10s. At r position=0mm, the temperature is
high and gradually decreases to a temperature of 36°C and
remains constant throughout the radial direction. And at frequency
of 1.5MHz, the temperature is higher than 1 MHz and size of
5 mm of tumor, slightly higher temperature.

Journal of Heat Transfer

Figure 15 shows the temperature distribution along the longitu-
dinal direction of the different ultrasound frequency and size of
tumor at ablation time of 10s. See that the frequency has the
greatest effect on temperature. At frequency 1.5 MHz and the size
of tumor smaller get better temperature distribution. The maxi-
mum temperature distribution around 72 °C at along the longitudi-
nal direction =62-63 mm because it is the focal point where
the focal length of transducer (5.5cm) is the distance from the
tumor.
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Therefore, HIFU therapy can transport energy in the form of
waves through a media of intervening tissues to specific target
points of body organs, and hence, increase the temperature or
bring about other biological interactions in an absolutely noninva-
sive manner.

4.4 The Total Displacement Distribution. Effect of ultra-
sound frequency and size of tumor to the total displacement distri-
bution are shown in Figs. 16-20. Figure 16 shows the 3D total
displacement field at difference frequency and, difference size of

101101-14 / Vol. 141, OCTOBER 2019

tumor at ablation time 10s. It can be seen that the total displace-
ment of the greater tumor size (10 mm) is higher than that of the
smaller tumor size (5 mm).

The 3D total displacement with arrow direction at frequencies
of 1.5 and 1.0 MHz shows that the arrow direction in all cases has
same direction and the maximum total displacement is on the
focal points of the breast tissue model, namely, the position of the
maximum total displacement does not change that shown in
Fig. 17.

Figure 18 shows the bar graph of the maximum total displace-
ment of the different ultrasound frequency (1.0 and 1.5 MHz) and
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the size of the tumor (5 and 10 mm) at an ablation time of 10s.
The maximum total displacement of ultrasound frequency of
1.5 MHz is higher than ultrasound frequency of 1.0 MHz and the
maximum total displacement of the size of tumor of 10mm is a
little higher than of size of tumor of 5 mm because the large size
of the tumor can receive more heat and engender high maximum
total displacement. It shows that when breast tissue is exposed to
ultrasound ablation at the same ultrasound frequency of 1.5 MHz,
size of tumor of 10 mm causes tissue to expand more than size of
tumor of 5 mm.

From the 3D total displacement, we can plot the total displace-
ment along radial direction and longitudinal direction shown in
Figs. 19 and 20. Figure 19 shows the total displacement along
radial direction of the different ultrasound frequencies (1.0 and
1.5 MHz), and the different size of tumor (5 and 10 mm) at abla-
tion time of 10s. The total displacement is highest in the first
period and swing after that gradually decrease and be constant at
along radial direction =35 mm. Figure 20 shows the total dis-
placement along the longitudinal direction of the different ultra-
sound frequencies (1.0 and 1.5MHz), and the different size of
tumor (5 and 10 mm) at ablation time of 10s. The total displace-
ment is gradually increased and is decreased lowest at z =58 mm
and swings up and down then the total displacement has highest at
longitudinal direction z = 65-66 mm. After that, the total displace-
ment dropping again to the longitudinal direction z about 73 mm,
and shows that after z= 58 mm, the size of tumor 10 mm is more
the total displacement than the size of tumor 5 mm tumor, where
it is a region of focal points.

Effect of the size of tumor to the total displacement distribution
as follows, Fig. 19 shows that at first, the total displacement is
slightly different at the size of tumor 5mm and 10 mm and same
ultrasound frequency. After that at the radial direction r =5mm
onward, the total displacement of the size of tumor 5 and 10 mm
is nearby. Figure 20 shows that at first, the total displacement has
the same value of the total displacement at the size of tumor 5 mm
and 10 mm and same ultrasound frequency until the longitudinal
direction z=>50mm, then the total displacement of the size of
tumor Smm is more than 10 mm. After that, at the longitudinal
direction z=060, the total displacement of the size of tumor
10 mm is more than 5 mm where it is a region of focal points. And
the longitudinal direction z=65-66 onward, the total displace-
ments of the size of tumors 5 and 10 mm are similar again.

5 Conclusions

Computer simulation is necessary to improve the ultrasound
ablation procedure. A method that leads to accurately lesion size
control is needed for the clinical treatment with ultrasound abla-
tion in order to guarantee destruction of the breast cancer tissue
and minimizing damage to surrounding healthy tissue. This
research is carried out to observe the effects of size of tumor and
frequency of ultrasound on the temperature distribution, the maxi-
mum total acoustic pressure, the maximum intensity magnitude,
and the maximum total displacement in breast cancer tissue dur-
ing ultrasound ablation. The results obtained accurately represent
the phenomena occurring in the breast cancer tissue during the
ultrasound ablation. The temperature distribution, the total acous-
tic pressure, the intensity magnitude, and the total displacement
have a slightly different for various tumor sizes. The tumor size
has only a small effect on the temperature distribution, the total
acoustic pressure, the intensity magnitude, and the total displace-
ment. In addition, greater input ultrasound frequency leads to a
higher temperature distribution, the total acoustic pressure, the
intensity magnitude, and the total displacement; it can be seen
that the total acoustic pressure and the intensity magnitude
resulted in increasing the temperature distribution within the
breast cancer tissue. The present ultrasound ablation model is
examined for advancing the transport phenomena in biomedical
applications. This study predicts the heating of breast cancer
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tissue, provides high-performance ultrasound treatment, and does
not affect the surrounding tissues

5.1 Significant of This Work. This study presents the
numerical analysis of heat transfer in localized deformed breast
cancer model exposed to ultrasound ablation. The mathematical
model combining Pennes’ bioheat equation, heat transfer, and
momentum in blood vessel and pressure acoustic is used for all
cases. The obtained results contribute to the understanding of the
effect of related parameters to reducing side effect from hyper-
thermal and preplanning in practical application. Parametric stud-
ies on thermal enhanced effects for the ultrasound ablation in five
types of tissues (fat, glandular, muscle, blood vessel, and the
tumor) by varying the parameters of ultrasound frequency, and
size of tumor for achieving an optimum condition for breast can-
cer treatment by high intensity focused ultrasound.
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Nomenclature

C = specific heat capacity (J/(kg K))
f= frequency (MHz)

F = body force

k = thermal conductivity (W/(m K))
n = normal vector

p = pressure (N/m?)
0O = heat source (W/m>)

t = time (s)

T = tissue temperature (K)

u = velocity (m/s)

& = strain (Pa)

u = dynamic viscosity (m?*/s)

p = density (kg/m?)

o = stress (Pa)
o = angular frequency = 2nf (rad/s)

Subscripts

am = ambient
b = blood
eq = equilibrium
ext = external
i,r.z, ¢ = relative
met = metabolic
ref = reference
0= free space, initial condition
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