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Abstract

In recent years, high-intensity focused ultrasound (HIFU) has gained clinical
acceptance as an alternative method of treating liver tumors when a patient is
unsuitable to undergo regular surgical procedures. In HIFU therapy, the
ultrasound waves generated from the transducer are focused on the tumor and
destroyed through thermal and mechanical mechanisms while reducing damage
to the surrounding tissues. However, HIFU therapy performed on the liver tumor
through the intercostal window faces a major challenge due to the narrow space
between the thoracic cage. In medical practice, the minimum aperture size of the
transducer used for HIFU therapy is around 60 mm in diameter. Since the
maximum space between the human thoracic cage is approximately 28 mm, the
ultrasound waves generated by the transducer may not smoothly pass through the
gaps between the ribs. The absorption and reflection of ultrasound energy by the
thoracic cage may cause overheating on the ribs and surrounding healthy tissue,
leading to complications such as skin burns. The aim of this study is to optimize
the design of the transducer for fast and selective HIFU treatment through the
intercostal window. The COMSOL Multiphysics 5.4 software was used to model
the two-dimensional axisymmetric HIFU therapy. Acoustic pressure analysis was
performed by solving the Helmholtz equation and heat transfer utilizing the
Bioheat equation. The simulation results show the transducer with an aperture
size of 15 mm in radius and driven by an initial frequency of 1.5 MHz produced
a sufficient intensity of 271 W/cm2 for tumor ablation at 10 s sonication time. It
was observed that the maximum heating of 67.4 °C occurs at the centre of the
focal zone, where the acoustics pressure is at the highest value of 2.97 MPa, with
the minimum heating effect to the healthy tissue region. Therefore, this study
demonstrates that HIFU therapy can provide effective heating to liver tumors,
and the transducer configuration can be used as a reference for liver tumor
treatment through the intercostal window.

Keywords: 2D axisymmetric, COMSOL Multiphysics, HIFU, Intercostal window,
Liver tumor.
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1. Introduction

Hepatocellular carcinoma (HCC) is a typical type of primary liver cancer that
frequently occurs in people with chronic cirrhosis. Most patients diagnosed with
primary liver cancer have poor health conditions; thus, surgical resection is
unsuitable. An alternative treatment for liver cancer is thermal ablation using high-
intensity focused ultrasound (HIFU). The ability of HIFU to induce irreversible
damage in selected tissue regions without surgical exposure or instrument insertion
into the body is seen as an advantage over the other treatment procedures [1].

An ultrasound wave produced by the HIFU transducer propagates through
different tissue layers and focuses on a targeted tumor. The focused ultrasound
beam will destroy the affected area through a thermal ablation mechanism or
ultrasound ablation therapy. During the ablation therapy, selected tissue is exposed
to the ultrasound at high-intensity levels in short bursts (1 s to 30 s of sonication
time) to induce irreversible coagulative necrosis or a lesion in the tissue. The
irradiated tissue temperature is elevated above 60 °C within the sonication
exposure. The power delivered during the therapy must be sufficient to rapidly
increase the tissue temperature to a cytotoxic level to minimize the damage to the
healthy tissue outside the focal zone [2]. The ultrasound ablation therapy uses
intensities in (100-10,000) W/cm2 at (0.5-5) MHz frequency with acoustic pressure
up to 30 MPa, high and sharp enough to ablate cancerous tissue. In HIFU treatment,
the focused ultrasound may act on the 2 mm x 10 mm ellipsoid area to spatially
confine the damage with minimal effect on surrounding tissue. The precise shape
of a lesion depends on the acoustic properties of the tissue, ultrasound intensity,
exposure time and the transducer geometry [3].

A challenge encountered during HIFU therapy for the liver is delivering
sufficient energy to achieve optimal destruction on tumors caused by the presence
of the thoracic cage on the pathway of HIFU beams. The absorption and reflection
of the ultrasound beam may decrease the deposition of acoustic energy at the focal
zone leading to insufficient therapeutic energy to induce coagulation necrosis on
the targeted tumor. In addition, it also may cause overheating at the bone and
surrounding tissue, resulting in the complications such as ribs injury and skin burns
[4]. An appropriate acoustic window must be well selected to treat liver tumor
behind the thoracic cage. Three acoustic windows have been identified in
approaching the liver for HIFU treatment: the subcostal, intercostal and posterior
intercostal. The intercostal window required the ultrasound beams to pass through
the gap between the thoracic cage to the liver. As the liver is too far from the surface
of the left side, only the right side of the thoracic cage has been used as an
intercostal window. The liver lies approximately at the 6™ to 10" of ribs. The space
between the ribs from previous studies is summarized in Table 1. The maximum
space between ribs is 28.10 mm, as reported by Carter et al. [5].

Table 1. Summary of space between human ribs.
Space (mm)
8th 9th 10th
Carteretal. [5] 28.10 N/A 13.70
Cao et al. [6] N/A 1957 N/A
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Williamson et al. [7] have presented four configurations of HIFU transducer for
liver tumor ablation through intercostal windows using the bowl-shaped single
element transducer as illustrated in Fig. 1. The transducer with a smaller aperture
size has a higher accessibility percentage to the liver. An acoustic lens or curved
piezoelectric is used as the element to focus the ultrasound beam in a single-element
transducer. A spherically curved transducer can generate focused ultrasonic waves
and converge into a small and sharp focal point deep inside the targeted region, as
shown in Fig. 2. This design configuration produced a focused ultrasound beam to
a small point in the tissues so that only tissue at the focal point is destroyed [8]. For
transducers with a curved configuration, the radius of curvature determines the
distance at which the focal region is located, while transducer diameters determine
the surface area [9].

Aperture

Focal length

!

Focal area

Fig. 1. Single element bowl-shaped transducer.

HIFU transducer

Focal plane

Skin

Fig. 2. Focusing principle of HIFU using single-element concave transducer [8].

It is essential to have real-time imaging guidance for safety and efficiency
during the therapeutic procedure. HIFU treatments are usually performed under
Magnetic Resonance Imaging (MRI). MRI-guided focused ultrasound system, also
known as MRgFUS, offers accurate planning on the tissues to be treated due to its
high sensitivity and anatomical resolution towards tumor detection. It can control
energy deposition with a temperature accuracy of 1 °C, a spatial resolution of 1
mm, and a temporal resolution of 1 s during treatment. MRgFUS can create
quantitative temperature maps during the treatment and follow-up evaluation of
HIFU induced lesions. The temperature mapping information is essential for
treatment volume measurement and quantifying tissue damage. MRgFUS can
measure nearly real-time temperatures by using MR-thermometry techniques; this
method is more suitable for monitoring the ablation of soft tissue tumors and has
demonstrated successful clinical trial results for liver cancer treatment [10].
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HIFU transducer configurations that have been used in the previous study for tumor
ablation are listed in Table 2. The aperture diameter of a HIFU transducer to detect and
treat 1 cm tumor size is in a range of 60 mm to 120 mm. Williamson et al. [7] have
designed the transducer with the smallest aperture size, which is 60 mm and the longest
focal length, 140 mm to study the capacity of HIFU to ablate the volume of the tumor
in various locations in the liver. A more recent study in HIFU treatment for patients
with HCC was summarized in Table 3. Sun et al. [12] and Ji et al. [13] reported their
initial experiences in using HIFU to evaluate the efficiency and tolerability of HIFU for
HCC patients. It was concluded that HIFU might be an effective and safe option for
liver cancer patients regardless of primary and metastatic lesions.

Table 2. The configuration of HIFU transducer from various studies.

Transducer Carter et al. [5] Williamson et al. COMSOL

configuration ' [7] Multiphysics [11]

Tvpe Bowl-shaped Bowl-shaped Bowl-shaped (single
yp (single element) (single element) element)

Aperture diameter

(mm) 110 60 70

Focal length (mm) 90 140 60

Table 3. Summary of HIFU treatment on HCC patients.

Case study Jinetal. [4] Sunetal [12] Jietal. [13]
No of patients 20 68 85
Age (Y) 572+9.7 37-63 37-89
Gander (M/F) 15/5 44/24 69/16
HIFU Model JC-HIFU JC200HIFU  HIFUINT-900
Intensity (W/cm?2)  367.7 £ 46.8 4-12k 5-10k
Survival rate (%) 76.2 61.8 70.7
Complications o Fever e Skin burn « Fatigue
Mild oedema Nausea Fever

This study aims to optimize the transducer's design for fast and selective HIFU
treatment through intercostal window assessment. Analysis was performed to
characterize the acoustic field and thermal distribution of the HIFU transducer,
including the thermal response of biological tissue subjected to different HIFU
transducer configurations. This study is limited to HIFU treatment at the intercostal
window with acoustic intensity ranging from 100 to 10,000W/cm2 and the area of
thermal distribution at 2 mm x 10 mm at the focal zone. The tumor will be exposed
to 1 s to 10 s of sonication time at different frequency ranges.

2.Methodology

Multiphysics is multiple scientific models of several physics’ phenomena.
COMSOL Multiphysics is interactive simulation software, cross-platform finite
element analysis (FEM) and solver. FEM software package is used to model and
solve all kinds of engineering problems and provide the most accurate results by
minimizing the assumptions made by users. With COMSOL, the conventional
physics model can easily extend into multiphysics models and solve the various
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physics phenomena. It also creates a sequence to record all steps in the modelling,
beginning with geometry, specifying the physics models, mesh, solver setting and
then visualizing the results. In this study, the 2D-axisymmetry model is used for
analysis purposes.

2.1. Transducer design

This study will focus on designing an optimized high-intensity focused ultrasound
(HIFU) transducer to perform fast and selective tumor ablation by considering the
specific anatomical constraint. COMSOL Multiphysics can be used to design,
simulate and optimize the focus ultrasound transducer configuration. There is a way
that can be used to focus the signal from the transducer is by modifying the radius
of curvature of the transducer element to a corresponding value to the focal
distance, as shown in Fig. 3. The field depth or focal zone, which defines the -6-dB
signal amplitude drop from the maximum amplitude, is calculated as:
2F?

F,=—% 1)

N+E

where Fz is the targeted zone, F is the focal distance between the transducer and
the focal point, and N is near field distance calculated as:

N=p2L (2)

where D is the transducer diameter, f is the frequency, and c is the speed of sound
in the medium.

N Near Field

Far Field

Fig. 3. Schematic of an ultrasound
transducer in generating the acoustic wave [14].

The HIFU transducer configurations that will be used in this study are listed as
per Table 4. The parameter values for transducer design are chosen based on the
design configuration from a previous study presented by Williamson et al. [7]. He
has reported that the bowl-shaped transducer with 60 mm aperture diameter and
140 mm focal length is the optimized design for HIFU treatment through the
intercostal window at an initial frequency of 0.8 MHz.
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Table 4. The configuration of the HIFU transducer.

Transducer Current Williamson

configuration study etal. [7]

Type Bowl-shaped (single ~ Bowl-shaped (single
element) element)

Aperture diameter (mm) 30 - 40 60

Focal length (mm) 40 - 60 140

Frequency (MHz) 1-2 0.8

2.2.Boundary condition design

The 2D axisymmetric geometry of the HIFU model designed is illustrated in Fig.
4. A boundary condition is around the edge of the phantom liver tissue and the
water domains. This model uses four cylindrical perfect matched layers (PML) and
one spherical PML defined as r1-r4 and c1, respectively, to absorb the outgoing
waves. PML is designed to be 5 mm depth around the tissue domain and the
transducer hole. This boundary condition reflects the clinical situation where the
waves dissipate into the human body.

48 mm

1 1 1 1 I 1
mm Iy o
. PML L
100 4. 5mm
907 B
807 B
707 B
Tissue phantom
607 = K
2 90 mm
a
507 B
P .;mor -
307 B
Focal length

207 40 mm -
107 Water region 10 mm B
L2 0 0 O O O r=0 mm|

T T T T T T

-40 -20 0 20 40 60 80
15 mm Transducer radius

Fig. 4. Geometrical model of HIFU using a single-element concave transducer.

2.3.Water and tissue domain properties

An ultrasonic wave to propagate through the tissue from the transducer requires a
propagation medium. In HIFU treatment, water is used as an aqueous media due to
its lower reflections at the tissue interface. As for the tissue domains, tissue
phantoms are typically used in mechanistic studies and characterize the HIFU field
under general propagation conditions. Tissue phantom is generally designed to
have similar density, speed of sound and attenuation properties to human tissue.
Table 5 summarizes the parameters used in the HIFU model simulation that has
approximate value to human tissue properties discovered in the scientific literature.
For comparison, Table 3 also lists properties of human tissue published in
Montienthong and Rattanadecho [15].
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Table 5. A list of the parameter used in this study.

Montienthong
This study and Rattanadecho
Parameter [15]
(;Nate_r Tissue phantom domain Hyman

omain tissue
Density (kg/m3) 1000 1055 1000-1100
Speed of sound (m/s) 1483 1550 1450-1640
Attenuation
(Np/m/MHz) 0.025 8.55 4.03-17.27
Specific heat J/(kg . K) N/A 3600 3600-3890
Thermal conductivity
Wi(m. K) N/A 0.512 0.45.0.56
Initial temperature (K) 310.15 310.15 N/A

2.4. Acoustic field and thermal distribution of HIFU on liver tissue

The Helmholtz wave equation was commonly used to model the ultrasonic wave
propagation in the water and tissue domains. The homogeneous Helmholtz
equation in 2D axisymmetric cylindrical coordinates is governed by Equation (3),
where r and z are the radials and axial coordinates, p is the acoustic pressure, and
o is the angular frequency. The density and the speed of sound are given by pc and
Cc, respectively. Equation (3) assumes that the acoustic wave propagation is linear,
and the amplitude of shear waves in the tissue domain is much smaller than the
pressure waves. Therefore, the nonlinear effects and shear waves can be neglected.

In the present work, heat transfer within biological tissue can be modelled by
inserting the volumetric acoustic heat source into Pennes’s Bioheat Transfer
equation as defined in Equation (4), where T is the temperature, Tb is blood
temperature, p is the density, Cp is the specific heat, k is thermal conductivity, pb is
blood density, Cb is blood specific heat, wo is perfusion rate of blood, Q is the heat
source, and Qmet is the metabolic heat source. In executing this model, it was
necessary to make several assumptions to the geometry and physics, such as the
tissue properties does not change when the temperature rises, the tumor is assumed
as a perfect sphere, the tissue surface is flat and homogeneous in terms of material
properties, acoustic waves assumed to propagate linearly and the tissue and tumor
to have same material properties.

2@ @2 g
pCy 5r = V. (RVT) = ppCom (T = T5) + Q + Qe (4)

3.Results and Discussion

The geometrical of HIFU model for liver tumor ablation is composed of the
transducer surface, a water domain, a tissue domain and a tumor domain. The
transducer is bowl-shaped designed with an aperture of 15 mm in radius. The
configuration of the transducer aperture is modelled by considering the maximum
gaps between the ribs of the human body. The tissue phantom is cylindrical with
48 mm and 90 mm in width and length, respectively. The PML boundary condition
is designed to be around the edge of the water and tissue domain to absorb the
pressure wave from reflecting off the outer boundaries, reflecting the clinical
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situation in which the waves dissipate into the body. The tissue phantom and the
transducer are in a coaxial arrangement so that the entire model is in 2-D
axisymmetric geometry.

Several assumptions need to be considered in executing this simulation model
to minimize the computational intensity, namely (a) the tissue domain is assumed
to be homogeneous in terms of material properties, (b) the tissue surface is
considered to be flat, (c) the tumor and tissue phantom is assumed to have the same
material properties (d) acoustic waves are assumed to propagate linearly and (e)
material property values are fixed with temperature changes.

3.1.Focal length analysis

In this simulation, the transducer is driven at a frequency of 1.0 MHz with 0 sto 1
s sonication time. The tumor is designed precisely at the focal zone. It varies the
transducer focal length from 40 mm to 60 mm to observe the optimum focal length
be achieved by the transducer. The pressure acoustics and bioheat transfer study
are performed to observe the characteristic of acoustics pressure for each model by
neglecting the nonlinear effects and shear waves.

As the ultrasonic beam propagates through the water layer and into the tissue
phantom, the beam converges within the tumor area, where the acoustic pressure
amplitude reaches the maximum values at the focal zone. Figs. 5(a) and (b) show
how the shape of the acoustic pressure waves at the focal zone change with the
changes of the focal length. The figures showed that the ultrasound waves would
be dispersed as the focal length increases and not focus on the tumor area. In
addition, the acoustics pressure amplitude peak values also decreased as the focal
length increased and reached as low as 0.217 MPa at the focal zone.

A model presents the optimal transducer configuration with a 40 mm focal
length. This optimum configuration allows maximum tumor location not more than
40 mm from the transducer surface. This can be justified since HIFU treatment
requires a highly focused ultrasound to propagate through the tissue domain to the
targeted area, minimizing further damage to the tumour’s healthy tissue. Otherwise,
the ultrasound beam will not converge at the focal zone resulting in an ineffective
ablation process and a longer treatment time.
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Fig. 5. Acoustic pressure field with various focal lengths.
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3.2. Acoustic pressure analysis

Pressure Acoustics, Frequency Domain interface is used to model the stationary
acoustic field in the water and tissue domain to observe the acoustic intensity
distribution in the tissue phantom by solving the Helmholtz equation for a given
modal analysis study. This analysis is computed at an initial frequency of 1.0
MHz and 1.5 MHz with the transducer aperture of 15 mm in radius and 40 mm
focal length.

Figures 6(a) and (b) show the shape of the acoustic pressure wave and the
maximum acoustic pressure field at the focal zone of this model 1 and model 2,
respectively. It shows that when the transducer aperture is kept constant, increasing
the frequency will increase the acoustic pressure amplitude at the focal point and
reduce the focal zone size. The beam converges within the tumor area, where the
acoustic pressure amplitude reaches the maximum values at the focal point. The
acoustic pressure amplitude peak increased as the frequency increased and reached
as high as 0.752 MPa at the focal point with an initial frequency of 1.5 MHz. In
contrast, the size of the focal zone is reduced as the frequency increases.

A depiction of the acoustic intensity magnitude is given in Figs. 7(a) and (b),
with an initial frequency of 1.0 MHz and 1.5 MHz, respectively. This plot shows
how the acoustic energy is focused and distributed in the focal area more clearly.
Most of the heating happens in the oval-shaped focal area. The maximum intensity
is deposited as high as 17.4 W/cm? at a frequency of 1.5 MHz, with all other
parameters kept equal. Even though the focal zone is decreased as the frequency
increases, that will allow more energy to be transmitted at the small focal region,
allowing for higher temperature distributed to the tissues.

freq(1)=1E6 Hz Surface: Total acoustic pressure field (Pa) freq(1)=1.5E6 Hz Surface: Total acoustic pressure field (Pa)

90 90t
80f 5 8ok
70 70}
€ ol
sof-
a0t

30+

{
|

2 cox
o |
i ,,
° =
oordinate (mm)
w & ow
8 & 8
o ~

20+

10+

% L L 1 L v-3.4 -0 20 0 20 a0
40 20 0 20 40 mm  coordinate (mm)
r coordinate (mm)

(@) 1.0 MHz. (b) 1.5 MHz.

Fig. 6. The acoustic pressure field in the water
and tissue domains with various initial frequencies.

From this simulation results, it can be concluded that the acoustic pressure is
unable to precisely focus on the centre of the tumor or at the focal zone when the
frequency is set to below 1.5 MHz. Therefore, the optimum frequency driven for
this transducer configuration is 1.5 MHz and above. In HIFU treatment, the focused
beam may precisely act at the focal zone to spatially confine the damage without
affecting the surrounding tissue. Hence, model 2 will be used for the subsequent
analysis and optimization works.
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Fig. 7. Surface plot of the acoustic intensity field, showing the acoustic
energy concentrated in the focal area with various initial frequencies.

3.3. Thermal acoustic analysis

The thermal response in tissue phantom is produced by acoustics field generated
intense heat to ablate the abnormal tissue or tumors. This analysis observes the
thermal response towards biological tissue and the extended damage on the healthy
tissue subjected to HIFU exposure at a specified time. An initial temperature for
the water and tissue domain is set to be at body temperature, TO = 310.15 K, and
the initial frequency for the transducer is 1.5 MHz. The transducer is turned on for
1 s and then simulates the cooling process to cool down the tissue phantom. The
thermal simulation is performed only in the tissue domain since the acoustic focal
region is much smaller than the size of the tissue phantom.

Safisamghabadi [3] reported that the temperature above 40 °C at 1 s energy
exposure will induce immediate cell death to the tumor. Figure 8 shows the result
of the temperature rises in the tissue phantom after 1 s of insonation. This
simulation shows the maximum temperature difference is about 0.54 K. This
corresponds to the temperature rise around 37.54 °C. However, some modifications
need to be made to the transducer configuration to achieve the desired temperature.

Figure 9 illustrates the contour plot of the temperature at 1 s insonation. The
heated spot is about the same size as the acoustic focal zone. The highest
temperature occurred in the center of the tumor or around 40 mm at the z-axis,
marked in the red region followed by orange, green and blue. For this model, the
heating happens in the oval shape of 1 mm x 9 mm.

To observe the temperature rises in the tissue phantom, the coordinates (cut
point plot) along the x-axis at various distances within the abnormal tissue (tumor)
was identified. This analysis is crucial to prove that the maximum temperature only
occurs within the tumor zone. The results of the cut point simulation are plotted
into a line graph, as seen in Fig. 10. The graph represents the temperature rises after
10 s of ultrasound sonication at acoustic focus and at distances of 0.5 mm, 1.0 mm,
1.5 mm, 2.5 mm and 3.5 mm off acoustic focus in the focal plane. The temperature
is increased linearly from 0 s to 10 s in the focal zone and reduced rapidly in
exponential decay after 10 s. The thermal distribution curves indicate how the tissue
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heats up when insonated and then cools down through natural conduction after the
acoustic source is turned off. The plot proves that the maximum temperature only
occurs within the tumor area and hinders further damage to adjacent healthy tissue.
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Fig. 10. Thermal distribution curves at 10 s of insonation time.

From the results gathered through the simulation, it can be concluded that the
temperature rise in the tissue phantom is proportional to the acoustic intensity of the
transducer. This model also demonstrates that the heating only happens at the centre
of the tumor without extended damage to surrounding healthy tissue. However, the
transducer configuration for this model is yet to achieve the ultrasound ablation
requirement. To induce coagulation necrosis at the focal zone, the temperature must
reach more than 60 °C within a few seconds with an intensity magnitude range from
100 to 10,000 W/cm? to induce coagulation necrosis at the focal zone. The
displacement amplitude is related to the power of the transducer; thus, modification
to the displacement amplitude values produced the corresponding intensity level of
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the transducer. The following analysis is to modify the transducer configuration to
comply with the ultrasound ablation requirement.

3.4.The optimized design of the HIFU transducer

This analysis observes the acoustic and thermal response towards this model by
adjusting the displacement amplitude values at 5 nm, 10 nm and 15 nm for 10 s of
insonation time and assessing whether the results comply with the ultrasound
ablation requirement. The transducer is turned on for 10 s and then simulates the
cooling process to let the tissue phantom cool down. The summary of simulation
results for different ranges of displacement amplitude is listed in Table 6. Figure
11 shows the surface intensity magnitude plots for 15 nm of displacement
amplitude. Most of the heating happens in the oval-shaped focal area, and the
maximum intensity is deposited as high as 271 W/cm?2.

Table 6. Summary of simulation result
for different ranges of displacement amplitude.

Design specification do=5nm d0=10nm d0=15nm
Acoustic pressure (MPa) 0.99 1.98 2.97
Intensity magnitude (W/cm2)) 30.2 121 271
Temperature difference at 10 s 3.38 135 30.40
insonation (K)

Maximum temperature rise at 404 50.5 67.40

focal zone (°C)

Figure 12 illustrates the contour plot of the temperature at 10 s insonation. The
heated spot is about the same size as the acoustic focal zone. The temperature rise
at the focal zone is recorded around 340.3 K or about 67.4 °C, which is high enough
to ablate the targeted tumor. The highest temperature was observed at the centre of
the tumor or around 40 mm at the z-axis.
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Fig. 11. Acoustic intensity field Fig. 12. Temperature distribution
distribution in the focal area with in tissue phantom after 10 s of
displacement amplitude of 15 mm. insonation with displacement

amplitude of 15 mm.
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Table 7 summarizes the parameters for an optimized design of HIFU transducer
for fast and selective liver tumor ablation at intercostal window treatment.

Table 7. Summary of the transducer design specification.

Design specification Value
Aperture radius (mm) 15
Focal length (mm) 40
Driven frequency (MHz) 1.50
Total acoustics pressure (MPa) 2.97
Intensity magnitude (W/cm?) 271
Displacement amplitude (nm) 15
Initial temperature, TO (K) 310.15

Temperature difference at 10 s insonation (K)  30.40
Maximum temperature rise at focal zone (°C)  67.40

4.Conclusion

The 2D axisymmetric model of HIFU application on a liver tumor was designed
with an aperture radius of 15 mm and focal length of 40 mm. A 1.5 MHz frequency
drove the transducer in this model with an initial body temperature of 310.15 K. A
displacement amplitude of 15 nm with a sonication time of 10 s produced a
sufficient intensity level and temperature value to ablate the targeted tumor. A
further contribution to this study could be made by analyzing the amount of tumor
ablated corresponding to the amount of healthy tissue damage for a given intensity
and time. It will be helpful to find the optimal heating time for a specific intensity
level. This HIFU modelling can also design the different types of transducer
configuration, for example, the phased arrays transducer. This transducer
configuration is more reliable for HIFU treatment of liver tumor ablation through
the intercostal window.
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Nomenclatures

Cb Blood specific heat

Co Specific heat

D Transducer diameter, m
F Focal distance between the transducer and the focal point
N Near field distance

Th Blood temperature

Q Heat source

Qmet Metabolic heat source
Greek Symbols

p Density.
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Abbreviations

FEM Finite Element Method

HIFU High-Intensity Focused Ultrasound
HCC Hepatocellular Carcinoma

MRI Magnetic Resonance Imaging
PML Perfectly Matched Layer

Blood density
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