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The Effects of Dielectric and Thermal Property Functions on
The Thermal Response during the Focused Microwave Ablation
Treatment in the Liver Cancer Model: Numerical Investigation
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Abstract

Microwave ablation (MWA) is a minimally invasive cancer treatment technique using microwave power to create thermal
damage in the local malignant tumor by using a microwave antenna. In the previous literature, there are investigated some
property sensitivity but used by supposed values and supposed situations. So, this study has investigated the sensitivity of
property functions based on a realistic situation that is a different point from the literature, which considered sensitivity by
supposed value. This study investigated the effect of widely properties model types on the thermal response of liver tissue
during the MWA treatment process. The mathematical models are developed coupled with electromagnetic wave
propagation, bioheat, and Arrhenius damage equations to describe the specific absorption rate (SAR) and temperature
distribution in the tissue during MWA process. In particular, the results calculated from models with different property model
types are investigated and demonstrated with the same conditions, as well as the experimental results from previous work
in order to show the validity of the numerical results. This study presented the sensitivity of the individual property functions
as the relative permittivity, electrical conductivity, blood perfusion rate, thermal conductivity, and specific heat capacity of
the liver tissue to indicate the high property functions that should be considered as a function depending on the temperature.
The results show that the difference in SAR and temperature distribution area appears within the liver when using different
model types in the same conditions. The electrical conductivity is the most impact function. However, the difference between
the various models can be observed when tissue temperature exceeds 60 2C, and it is clearly observed when tissue
temperature exceeds 100 2C. The main reason for the difference is that some functions consider the effect of tissue
evaporation during the ablation process, but some properties are not considered.
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1. Introduction

Hepatocellular carcinoma (HCC) is common cancer and one
of the leading causes of death worldwide. Hepatocellular
carcinoma (HCC) is common cancer and one of the leading
causes of death worldwide. Unfortunately, although HCC is
common cancer, 40% of patients with HCC cannot be
accessible to surgery, which is a mainstay curative treatment
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for the early stage of HCC.I'?l Thus, the local alternative
medicine, such as radiofrequency ablation (RFA) and
microwave ablation (MWA), are widely used in the early-stage
HCC therapeutic.P!

MWA is a minimally invasive cancer treatment technique
using microwave power to create thermal damage in the local
malignant tumor. The microwave antenna is inserted into the
local malignant tumor to transmit microwave energy in the
treatment process. The microwave is absorbed and converts
the internal heat in the tumor. This treatment aims to create
thermal damage in the tumor area without damage to the
surrounding healthy tissue.*°]

Although MWA indicated operation for early-stage HCC
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in Barcelona Clinic Liver Cancer,[ incorrect conditions
during MWA treatment could be created injury to patients,
such as the heat spread out over the boundaries of the
malignant tumor area. Therefore, the MWA for early-stage
HCC studies is necessary to investigate. It could not apply to
human liver beings due to being unethical. Many researchers
have been experimental studies with animals.’-'4 However,
the experimental studies with the animals had limitations, and
it is not nearly realistic human liver. Thus, the numerical
simulation is used to demonstrate the phenomenon in the
human liver during the MWA treatment process. It has been
the advantage of needing only a short period, the low
economic cost, humanity, and could be set up with conditions
near to those of a natural human liver.

Several studies have proposed mathematical models for
predicting phenomena in the liver tissue during the MWA
treatment process.>!>®l Many concepts, such as the bioheat
approach, the porous media approach, and the tissue
deformation approach, have been applied to develop high
accuracy models. In 2007, Yang et al. proposed a modified
bioheat model for predicting the temperature distribution in
the liver during the MWA treatment process.!'’! This model
was considered the tissue evaporation term and presented the
remaining water content in the tissue during the ablation
process. Later, Keangin et al. developed the predicting model
with considered tissue deformation.’! Rattanadecho and
Keangin proposed the numerical modeling of heat transfer in
the liver tissue during MWA treatment based on porous media
theory.l'”) However, developing the mathematical model by
modifying governing equations or a new computational
approach might not be the best way to develop a highly
accurate model. In numerical computation, the accuracy of
tissue properties is quite essential to the results.

Most previous studies were assumed the tissue properties
to a constant value to reduce the complexity of the problem or
lack of information. Recent liver cancer studies with the MWA
treatment have used the more appropriate properties for the
actual situation. Such as, Wang et al. studied the MWA
treatment effectiveness by using a multi-slot antenna.l'”! The
dielectric properties and thermophysical properties of tissue
were assumed to depend on the temperature in this study. The
dielectric properties functions based on the Keangin et al.
study and Brace study.[>'8] The thermophysical properties,
such as thermal conductivity, specific heat capacity, and
density, were developed based on Yang et al. study,!'s) which
considered the remaining water content in the tissue during the
ablation process. Later, Shao et al. proposed the nano-assisted
in irregularly-shaped liver tumors with radiofrequency
ablation treatment (RFA).['"! In this study, thermal properties
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were considered as piecewise functions that depended on the
tissue temperature, such as the thermal conductivity based on
the Trujillo and Berjano study,?” the specific heat capacity
based on Dos Santos et al. study.?'! Especially, this study
applied the blood perfusion rate depending on the degree of
tissue injury during the ablation process. Later, Xu et al.
proposed the study of an optimal aperiodic tri-slot coaxial
antenna with the =m-matching network section in MWA
treatment.”? In this study, the dielectric properties were
developed as same as in the Wang et al. study, but the electrical
conductivity during high tissue temperature was based on Z.
Ji and Brace's study. In thermophysical properties of the
tissue, this study used concepts that the properties will depend
on the tissue temperature in a specific range of the tissue
temperature, and after that, properties will be constant—these
concepts as the same as the Shao et al. study.

During the MWA treatment process, the liver tissue
properties are the same properties in the same treatment
situation. Thus, the property functions should get the property
values in the same direction, but there were many concepts and
various values for tissue properties during the MWA treatment.
Therefore, a study should investigate and demonstrate the
effectiveness of various function properties systematically. In
the previous study, the sensitivity of the tissue properties
during thermal ablation treatment could be observed,
particular the sensitivity of the dielectric properties depends
on the tissue temperature, such as Brace study,'®! Z. Ji and
Brace study,!, Wu et al. study® Sebek et al. study.*) Most
studies focused on the dielectric properties and proposed that
the dielectric function depends on the tissue temperature.
However, these studies did not consider the influence of
various functions that could affect the thermal response during
the MWA process. However, Lopresto et al. proposed the
effects of tissue properties variations on predictive models for
treatment planning.l'"! In this study, the high impact properties
of the predicting model, such as the relative permittivity,
electrical conductivity, specific heat capacity, density, and
thermal conductivity, were investigated and considered the
effect on the tissue temperature distribution. The results of this
study indicated specific properties that could highly affect the
thermal response during the MWA treatment process.
Although this study investigated the effect of various
properties on the thermal response during the MWA treatment
process, this study was investigated by adding the same
variation in every property. The properties of tissues did not
change in the same variation. As the tissue temperature
increases to some point, some properties might increase to
double value, but some properties might be decreased by 25%.
Therefore, the study was not suitable for actual treatment
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conditions by adding the same variation in every property.

Furthermore, a comparison of the effect of the difference
function in the same properties of liver tissue during the MWA
process could not be found in the literature. Thus, this study
focused on the thermal response of the liver tissue during the
MWA process when using different properties model types and
investigated the effect of each properties function by using
numerical simulation. In this study, the different properties
model types are developed based on the constant properties
model,'*>] Shao et al. model,!"”! Wang et al. model,/'"" and Xu
et al. model.??l These concepts were used widely in liver
cancer treatment with the MWA studies and recent.

This study aims to analyze and demonstrate the effect of
properties model types and the characteristics of properties
functions on the thermal response in the liver tissue during the
MWA process by using numerical simulation. This study
focused on the four properties models, which are widely used
for the liver cancer treatment with MWA process studies,
namely: 1) constant properties model'*?! 2) Shao et al.
model,l"” 3) Wang et al. model,l'” and 4) Xu et al. model.l??]
The SAR, temperature, and fraction of necrotic tissue
distribution in the liver tissue during the MWA process are
obtained by the numerical simulations of the electromagnetic
wave propagation, heat transfer, and Arrhenius damage
equation. The modeling of the electromagnetic wave
propagation coupled with heat transfer in the liver tissue is
required to investigate the cited properties model types.
Moreover, the characteristics of properties, i.e., relative
permittivity, electrical conductivity, and thermophysical
properties functions, are compared and investigated the impact
on the thermal response in the liver tissue during the MWA
process. In this study, the mathematical model is developed
based on the electromagnetic wave propagation equations
coupled with heat transfer in the biological equation. The
system of equations was solved by using the finite elements
method (FEM). The accuracy of the numerical model was
tested by mesh
experimental study obtained by Yang et al..'S] The results

independent and validation with an

presented indicate the influence of each property function on
the thermal response of the liver tissue during the MWA
process. Furthermore, this study provides the essential aspects
for a fundamental understanding of the effects of the
properties of function models on the liver during the MWA
process under numerical study. The presented results can be
used as a guideline for developing the cancer ablation model
and the practice of cancer ablation treatment.

2. Problem description
MWA is a minimally invasive cancer treatment technique
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using the microwave antenna. The microwave antenna is
transmitted the microwave energy into the local tumor during
the treatment process. The coaxial slot antenna is the standard
and popular antenna for MWA applications. Because of its size
(small diameter), design simplicity, low cost to manufacture,
and convenient adaptation to treatment.'") This study uses the
coaxial single slot antenna to transmit the microwave energy
into the tumor for all study cases. The coaxial slot antenna
consists of the inner conductor, the outer conductor, dielectric,
and catheter (made of polytetrafluorethylene; PTFE), as
shown in Fig. 1.1+ The dimension and dielectric properties of
the coaxial slot antenna are shown in Tables 1-2.143161 The
coaxial slot antenna is operated at 2.45 GHz. In this frequency,
many studies indicated a low reflection coefficient that
denotes an inefficient state of an antenna. This study
investigated the influence of properties model types and the
characteristics of properties function on the thermal response
in the liver tissue during the MWA process by using numerical
simulation.

l— port
outer
inner

thermal insulation
I (k VT= 0]

T—

dielectric

perfect electric conductor

R-E=0
thermal insulation
i (kVT= 0}

perfect electric

-
F-E=0 l

slot

Fig. 1 Model geometry of a microwave coaxial slot antenna./*

The studies of liver treatment with the MWA process use
varying microwave power, starting at 10 W to 140 W.
However, the practical treatment and some studies based on
experimental are using microwave power in the range of 45W
to 60W. To reduce the phenomenon's complexity, this study
uses microwave power of 45 W, which is widely used in
experimental treatment or numerical modeling.

Table 1. Dimension of a coaxial single slot antenna.*!

Materials Dimensions (mm)

0.135 (radial)

Inner conductor

Dielectric 0.335 (radial)
Outer conductor 0.460 (radial)
Catheter 0.895 (radial)
Slot 1 (wide)
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Table 2. Dielectric properties of coaxial single slot antenna.*>16]

Properties Relative Electric Relative
permittivity,  conductivity, 0  permeability,
& (S/m) Hr

Dielectric 2.03 0 1

Catheter 2.1 0 1

Slot 1 0 1

The model geometry of liver tissue during the MWA
process is considered under the axisymmetric assumption, as
shown in Fig. 2. The dimension of the model geometry has a
radius of 30 mm, and a height of 80 mm, which is suitable for
the condition of the natural liver. The coaxial slot antenna is
inserted into the liver tissue at 70.5 mm depth. The advantage
of the simulation under the axisymmetric assumption is
minimized computation time while maintaining good
resolution and representing the full three-dimensional result.
The the
electromagnetic wave propagation equations coupled with
heat transfer in the biological equation. This study is focused

mathematical model is developed under

on four types of properties models as follows; 1. the constant
properties model, 2: Shao et al. model,!'™ 3. Wang et al.
model,l'” and 4. Xu et al. model.”?? The effect of the properties
model types is demonstrated on the SAR, temperature, and
fraction of necrotic tissue distribution in the liver tissue during
the MWA process. In addition, the characteristics of the
dielectric properties and the thermophysical properties are
investigated in the temperature distribution in the liver tissue
during the MWA process. The effect of characteristics of the
dielectric properties and the thermophysical properties are
considered under the same model geometry, governing

Microwave input

T

Microwave Port---------1

equations, and initial and boundary conditions. In addition, the
dimension and properties of the coaxial slot antenna
are considered under the same condition in all cases. The
material properties of the liver tissue constant properties
model are given in Table 3,[16!17:1922] operated at a frequency of
2.45 GHz.

3. Methods and formulation

A mathematical model has been formulated to predict the
electromagnetic wave propagation as well as SAR distribution,
temperature distribution, and damaged tissue area in the liver
tissue during the MWA process. This section will illustrate an
analysis of electromagnetic wave propagation, heat transfer,
and damaged tissue in the liver during the MWA process. The
system of governing equations and initial and boundary
conditions is solved numerically using the FEM. The relevant
boundary conditions are described in Fig. 2.

3.1 Electromagnetic wave propagation analysis

In this study, electromagnetic wave analysis is implemented to
develop the mathematical model, which is developed to
predict the electromagnetic fields and the SAR distribution in
the liver tissue during the MWA treatment process. To reduce
the complexity of the problem, the following assumptions are
made:

(1) The electromagnetic wave propagation is propagated in the
two dimensions axisymmetric analysis.

(2) The electromagnetic wave propagation in the coaxial slot
antenna is characterized by transverse electromagnetic fields
(TEM).Edl

Scattering boundary condition
Core body temperature boundary condition

Thermal insulation _ ; |
boundary condition  : p- - - Scattering boundary condition
: S — — —
S i (kVT) =0 n X \JeE — \JiH, =~ 2,/AH
MiCroOWave - -} cveeceeaamcnns -
Antenna p-- - Core body temperature
gi boundary condition
Ei T=37C
g
e REEE EEEECEELE Microwave antenna
LAERESEEEE SRREE Liver Tissue
Liver Tissue -q{----=----=====z=r==f-ennes = A | I EEERRPRPPIIRRORE EERRRRER Slot
Axis symmetry
i, boundary condition ... ik
\—/ z - JE, ¥ n
Er = 0, — I ,I..;
or 30mm !
i (—kVT) =0 )
R & ( ) Scattering boundary condition

Core body temperature boundary condition

Fig. 2 The model geometry and boundary conditions of liver tissue during the MWA treatment process.
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Table 3. The dielectric and thermal properties of liver tissue.

Properties Constant  Shao et Wang et Xu et al.
properties al. model  al model model
model

R 1 t' v, Wan,

cave 43.00 43.00 e wang(T) 78

permittivity, & (T)

Electric

conductivity, 1.69 1.69 owang (T)  oxu (T)

Oel (S/m)

blood ® ®

perfusion rate,  0.0036 b Sha DS o 3 (T)

() (M

ws (1/8)

Thermal i

conductivity, 0.497 kshao (T) (\V:‘;"*; kxu (T)

ki (W/m°C) ¢

Density, p 1,030 1,030 pian 1,030

(Wa)
Specific heat C C
capacity, Cp 3,600 . Shao P s 3 600
(T (Wa)

(J/kg °C)

(3) The electromagnetic wave propagation in the liver tissue is
characterized by transverse magnetic fields (TM).[2¢!

(4) The dielectric properties are assumed to be homogeneous
and uniform.

The coaxial slot antenna's wave propagation is considered the
transverse electromagnetic field (TEM).?) The wave
propagation is calculated under Maxwell's equations, which
the of the

electromagnetic waves. The general form of Maxwell's

mathematically describe interdependence
equations is simplified to demonstrate that the electromagnetic
field penetrated the liver tissue, given as.[>!¢

-

Electric field (E) E = e, ~e/(@k?) )

Magnetic field (H) H=e, %ei(wt—kz) 2)

7P . . .
where € = |—————"——— s the arbitrary constant, Z is
T In(Router/Rinner)

the wave impedance (€2), Pin is the microwave power input
(W), Rouer is the dielectric outer radius (m), Rinner is the
dielectric inner radius (m), f is the frequency (Hz), w = 2nf
is the angular frequency (rad/s), k is the wave propagation
constant (m™'), which relates to the wavelength (1) in medium:

2n
k= T

The electromagnetic wave propagation in the liver tissue is
considered by the transverse magnetic field (TM),? as
described by the following equation:

1 jo

v x ((— - —)_1 7 x 139) — uk2Hy = 0

&  wg

3
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where Hg is magnetic field intensity (A/m), p. is relative

permeability, & is relative permittivity, &, = 8.8542 X 10712
F/m is the permittivity of free space, o is electric conductivity
(S/m), k, is the free space wavenumber (m™'), and w = 27nf
is the angular frequency (rad/s).

The interaction of an electromagnetic wave with liver
tissue could be defined in terms of a SAR. When the coaxial
slot antenna transmits the electromagnetic wave, it passes
through it and then propagates throughout the entire domain.
The electromagnetic wave is absorbed and converted to heat
generation in liver tissue. Thus, SAR represents the
microwave power absorption deposited per unit mass in tissue
(W/kg).[*I The SAR is given by:

(4)

where o is the electrical conductivity (S/m), p is the tissue

SAR == | E |
2p

density (kg/m3), and E is the electric field intensity (V/m).

The SAR was converted to the heat generated in the liver
tissue (Qext), which is defined as:

|E|?
Qext === p - SAR (5)

This study investigated the effect of the property functions
sensitivity on the thermal response during the MWA process
in the liver cancer model. The four primary property function
models are compared under the same governing equations. For
the constant properties and Shao et al. models, the dielectric
properties of liver tissue are used to constant values, as shown
in Table 3.1617.19.22] For the Wang et al. model and Xu et al.
model, the dielectric properties of liver tissue are considered
as functions of temperature; the relative permittivity (&r) of the
Wang et al. and Xu et al. models are approximated under the
same function. The electric conductivity (o) of the liver tissue
between Wang ef al. and Xu et al. models are considered as
different piecewise functions, all the dielectric property
functions mentioned above, given in Appendix A.

The boundary conditions of electromagnetic wave analysis
are considered under the same conditions for all cases, and the
following conditions are made:

1. The top, right, and bottom sides of the liver domain are
assumed to be a scattering boundary condition to eliminate the
reflections:

n X VeE —\[uHg = 2+[utg, (6)

2. The boundary conditions of the inner and outer conductor
of the coaxial slot antenna as the perfect electric conductor
(PEC) boundary conditions:

Eng. Sci., 2023, 21, 788 | 5
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nxE=0 @)
3. The port boundary condition is assumed at the inlet of the
coaxial slot antenna with the microwave power set of 45 W.

4. The electrical symmetry boundary condition is applied at r

=0

E. =0 (8a)
9E, _
% - (8b)

3.2 Heat transfer analysis

In this study, heat transfer analysis is implemented to develop
the mathematical model, which predicts the temperature
distribution in the liver tissue during the MWA treatment
process. The heat transfer analysis is considered only for the
liver tissue domain. To reduce the complexity of the problem,
the following assumptions are made:

(1) The heat transfer of the liver tissue is considered in the two
dimensions axisymmetric analysis under the bioheat approach
(2) The heat transfer analysis is considered only for the liver
tissue domain.

(3) The chemical reaction and phase change in the liver tissue
are ignored.

(4) The heat transfer of the coaxial slot antenna is ignored.
(5) The liver tissue is assumed to the homogeneous and
thermally isotropic.

(6) The thermal properties of the living tissue are uniform.
The heat transfer analysis in the liver tissue can be described
by the Pennes bioheat equation,?”! which can be written as
follows:

oT
pCp Py V-kVT + pbcp,bwb(Tb —T) + Qmet + Qext (9)

where p is the density of living tissue (kg/m?), C, is the
specific heat capacity of tissue (J/kg.°C), T is the temperature
of living tissue (°C), k is the thermal conductivity of tissue
(W/m.°C), py is the destiny of blood (kg/m3), Cp ) is the
specific heat capacity of blood (J/kg.°C), wj, is blood
perfusion rate (s™!), Qmet is the metabolism heat source (W/m?)
and Qex is the external heat source term (W/m?). According to
a previous study, Qext = 33,800 (W/m?)

This study investigated the effect of the property functions
sensitivity on the thermal response during the MWA process
in the liver cancer model. The four primary property function
models are investigated under the same governing equations
as well as the boundary conditions and initial conditions. For
the constant properties model, blood perfusion rate and the
thermal properties, i.e., thermal conductivity and specific heat
capacity of the liver tissue, given in Appendix B.
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The boundary conditions of heat transfer analysis are
considered under the same conditions for all cases, and the
following conditions are made:
1. The top, right, and bottom sides of the liver domain are
assumed to be constant with the core body temperature, as
shown in Equation (10)

T =37°C (10)
2. The interfaces of liver tissue with the coaxial slot antenna
are considered insulation thermally.

n- (kVT) = 0 (11)

3. The thermal symmetry boundary condition is applied r=0
for all cases.

n-(kVT) = 0 (12)

3.3 Thermal damaged analysis

The thermal damaged tissue analysis is a subsection of heat
transfer analysis. Thus, it is only applied in the liver tissue
domain. The thermal damaged tissue analysis follows the
assumption of the reduced complexity of the problem.

(1) The thermal damage of the liver tissue is considered in the
two dimensions of axisymmetric analysis.

(2) The thermal damaged analysis is considered only for the
liver tissue domain.

(3) The thermal damage analysis is caused by thermal
treatment.

Thermal damage is the thermal injury of the tissue, for which
the injury model proposed by Henriques & Moritz is used,
namely the Arrhenius damage equation.?! The thermal
damage in the tissue can be defined as the denaturation of the
proteins in the tissue, as follows:

Q= Af exp (%) dt (13)

where Q(t) is the cumulative tissue damage, A is the frequency
factor (s7), E, is the activation energy (J/mol), and R is the
universal gas constant (J/mol.K). The fraction of necrotic
tissue (0q) can be expressed as:
0;=1—exp(—Q) (14)
4. Calculation procedure
This study investigated the influence of properties model types,
and the characteristics of properties function on the thermal
response in the liver tissue during the MWA process by
numerical simulation. The literature obtains these data,[!5-17:19:22]
the accuracy of our parameter can be ensured. According to
the geometry reference, the model geometry is considered a
cylinder with 80 mm in the longitudinal antenna direction and
30 mm in the radial direction.!'*!”] as shown in Fig. 2. This
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study used the microwave antenna as the coaxial single slot
antenna. According to the literature,”! the dimension of the
antenna is shown in Fig. 1. The mathematical model coupled
with electromagnetic wave propagation and heat transfer in
the biological tissue. The system of equations is solved with
FEM by using COMSOL™ Multiphysics to demonstrate the
effect of properties model types and the characteristics of
properties function in the liver tissue during the MWA process.
The computation scheme starts with computing the external
heat source by solving the electromagnetic wave propagation
equation and

solves the time-dependent

temperature at very points under the bioheat equation.

subsequently

However, when the temperature changes would be affected the
dielectric and the thermophysical properties of the liver tissue.
The models the wvariation function properties
recalculated the electromagnetic field in the tissue with the

under

updated dielectric properties and thermophysical properties,
Therefore, the
temperature at every point would be recalculated until the last

which affect the external heat source.
time step.

In this study, the numerical model for all cases is
discretized using triangular elements with Lagrange quadratic
shape functions, and the elements are adaptive in sensitive
areas. The initial time steps, the maximum time steps, and
relative tolerance to solve the transient problem are 1x1073 s,
0.1 s, and 1x1072, respectively. The convergence test for the
liver cancer model shows the relation with the temperature at
the sensitive point—the density of elements, approximately
43,893 elements, meshed independently. Increasing the
number of elements past this point did not lead to significantly
different computational results, as shown in Fig. 3. The

maximum element size, minimum element size, and maximum
element growth rate are 0.4 mm, 0.0016 mm, and 1.25,
respectively, where the verification of the numerical model
will be presented in the next section.

5. Results and discussion

This section consists of three-part; Part one shows the
verification accuracy of the present model. Part two shows the
thermal repose in liver tissue during the MWA process when
applied to the different properties model types. In this part, the
properties model types consist of the constant properties
model, Shao et al. model,['”) Wang et al. model,l'”! and Xu et
al. model.”? After that, the last part shows the impact of each
property function one by one and comparison with the
constant properties model. In this part, the most effective
property function on the thermal response in the liver tissue
during the MWA process could be indicated.

5.1 Verification of the model

In order to verify the accuracy and precision of the presented
numerical model, the simulation result with a coaxial slot
antenna is validated against the experimental and numerical
results obtained by Yang et al.'5l under the same testing
condition. In the validation test, the MWA process operated
with the microwave power input of 75 W with a frequency of
2.45 GHz, and the initial temperature was set at 8 deg C. In the
verification test, the radius of the coaxial antenna is 1.25 mm,
inserted 20 mm deep into the liver tissue, and the heating time
of 50 s. The verification results show the transient temperature
of two points, 4.5 and 9.5 mm away from the microwave
coaxial antenna, as shown in Fig. 4. Table 4 shows the RMSE

95.00

93.00 1

(43,893)

& 91.00
[}
g
g
£
& 89.00 -

§7.00 1

85.00 . . .

0 40,000 80,000 120,000

160,000

No. of elements

Fig. 3 Grid convergence curve of the model.
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® Yang et al. (experimental) 4.5 mm
----Yang et al. (simulation) 4.5 mm
90 ——Present model (simulation) 4.5 mm
® Yang et al. (experimental) 9.5 mm

--=--Yang et al. (simulation) 9.5 mm

60

——Present model (simulation) 9.5 mm

Temperature (°C)

304

30 40 50

time (s)

Fig. 4 The validation results of the calculated tissue temperature to the tissue temperature obtained by Yang et al.['”!

values between the presented simulation results and Yang et
al.>' compared with the experimental results obtained by Yang
et all The verification results were clearly in good
agreement with the experimental results and gave confidence
in the accuracy of the presented numerical models.

Table 4. Comparisons of RMSE with results obtained by Yang et

al )
Positi
osition Presented study ~ Yang et al. (Simulation)
(mm)
4.5 7.021 7.602
9.5 1.639 3.082

5.2 Effect of property model types

This section focused on the phenomena of electromagnetic
wave propagation, temperature distribution, and damage to
tissue area in liver tissue during the MWA treatment process
when using different property model types. The four widely
property models are the constant properties model, Shao et al.
model, Wang et al. model, and Xu et al. model. In order to the
clarity demonstration effect of the property model, in all cases,
the model would be applied to the same conditions such as
initial condition, boundary condition, model geometry, power,
microwave, microwave frequency, type of antenna slot, etc.
Therefore, only property values are used differently for each
case. The treatment time of 10 min, the microwave frequency
of 2.45 GHz, and the microwave power of 45 W are used for
computational. The SAR, temperature, and fraction necrotic
tissue distribution in the liver tissue with different property
model types during the MWA process are obtained by the
numerical simulation of the electromagnetic wave propagation,
heat transfer, and Arrhenius damage equations. In this study,
the microwave power deposition in the liver tissue can be

8| Eng. Sci., 2023, 21, 788

described by SAR distribution which leads to the analysis of
temperature distribution in the liver tissue and the efficiency
of the treatment process.

Figure 5 shows the 3D SAR distribution in liver tissue
during the MWA treatment process of the Xu et al. model and
captures the high-intensity SAR distribution area of the
constant properties model, Wang et al. model, and Xu et al.
model at the treatment time of 5 min. This result shows the
SAR distribution in liver tissue, the SAR contour at the value
of 1 kW/kg, and the radius size of the SAR contour for three
models. Due to the Shao ef al. model using the dielectric
properties same as the constant properties model in this study,
the SAR of the Shao ef al. model shows distribution and value
as same as the constant properties model. So, this section does
not show the SAR distribution in the liver tissue of the Shao
et al. model. The high-intensity SAR is distributed in the slot
area and decreases with distance away from the slot, and the
shape of SAR high-intensity is like a water droplet; the trend
is the same for three cases. Although the trend of the SAR
distribution is the same for the three cases, the result detail
shows different points; the size radius SAR of 1 kW/kg and
the SAR pattern by the Xu et al. model.

The most expansive radius size of 1 kW/kg SAR contour
between Wang et al. and Xu et al. models is the same size but
clearly different when compared to the constant properties
model. Because of the Wang et al. and Xu et al. models are
used dielectric properties with similar functions, as shown in
equations 6-8. As a result, the dielectric properties of the Wang
et al. and Xu et al. models are different from the constant
properties model, which is constant all the treatment time.
Moreover, there are some points of the SAR distribution
between Wang et al. and Xu et al. models. Results from the
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Xu et al. model

) ) |

Wang et al. model Const. properties model

Fig. 5 3D SAR distribution in liver tissue during the MWA treatment process of the Xu et al. model and captures the high-intensity
SAR distribution area of the constant properties model, Wang et al. model, and Xu et al. model with the microwave power of 45 W

and microwave frequency of 2.45 GHz at the treatment time of 5 min.

electrical conductivity functions of the two models are
different, especially in the range of the temperature is over 100
deg C. Although the 2D SAR contour and distribution in Fig.
5 could be indicated the different points when applied to the
different property model types, deep detail is required for more
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results to clarify.

Figure 6 shows the SAR distribution in liver tissue during
the MWA treatment process with the insertion depth line at the
treatment time of 1 min, 5 min, and 10 min. The insertion
depth line is the line parallel with the antenna and away from

1 min

centerline of the slot

—Const. Propertics model
~=-Wang et al. model
seeXuetal

SAR (Wig)

10 min centerline of the slot

20
Insertion depth (mm)

(®)

=—Const. Propertics model
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sssXuectal
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@

Fig. 6 SAR distribution in liver tissue during the MWA treatment process with the insertion depth line with the microwave power of
45 W and microwave frequency of 2.45 GHz; (a) 3D SAR distribution in liver tissue at the treatment time of 5 min, (b) SAR
distribution with insertion depth line at the treatment time of 1 min, (c) SAR distribution with insertion depth line at the treatment

time of 5 min, (d) SAR distribution with insertion depth line at the treatment time of 10 min.
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the antenna centerline of 2.5 mm. In the case of the constant
properties model, the maximum SAR appears around the area
of the slot centerline and decreases with distance away from
the slot. In this case, the SAR is not changing with the
treatment time. In the case of the Wang ef al. model, the
maximum SAR appears around the area of the slot centerline,
similar to the case of the constant properties model, but the
magnitude is lower than the constant properties model. In
addition, the SAR decreased with distance away from the slot,
but at the insertion depth of 40 mm, the SAR shot up and
gradually decreased again. In this case, the SAR distribution
changes with treatment time, which can be observed at the
insertion depth of 40 mm. In the case of the Xu et al. model,
the SAR is a contrast distribution from any model types. The
SAR shows a lower distribution in the slot area, shoots up, and
gradually decreases. The shape of SAR distribution looks like
a pit, and the width of the pit increases with treatment time. In
this case, the SAR distribution is clearly changing with the
treatment time.

Moreover, the strange contour of the Xu et al. model in Fig.
5 is the low SAR value, which could be caused by the
temperature in this area being higher than 100 deg C. Although
the SAR will be indicated the microwave energy deposit in
tissue that will be converted to the external heat source
generation (Qex) in liver tissue, the analysis of the SAR
distribution cannot directly demonstrate the heat transfer

phenomenon in liver tissue during the MWA treatment process.

Thus, the temperature distribution is needed to demonstrate.
Figure 7 shows the temperature contour and distribution in
liver tissue during the MWA treatment process of the constant

53.44 mm

50.20 mm
-\----.--.--------’

Const. properties model Shao et al. model

53.39 mm

properties model, Shao et al. model, Wang et al. model, and
Xu et al. model at the treatment time of 5 min. The shape of
the hot spot zone of the four models is quietly different. The
radius of the 60 deg C temperature line of the constant
properties model, Shao et al. model, Wang et al. model, and
Xu et al. model is 15.11 mm, 17.39 mm, 11.46 mm, and 13.52
mm, respectively. The height of the 60 deg C temperature line
of the constant properties model, Shao et al. model, Wang et
al. model, and Xu et al. model is 50.20 mm, 53.44 mm, 53.39
mm, and 45.95 mm, respectively. The hot spot zone from the
Shao et al. model is more comprehensive than other models,
and the hot spot zone from the Wang et al. model is smaller
than other models. The hot spot shape of the constant
properties model, Shao et al. model, and Wang et a/. model
could be observed in the hot spot tail over the slot area, while
the hot spot shape of the Xu et al. model could not be observed
in the hot spot tail. In addition, the hot spot size of the Wang
et al. model is quite different from the other models.

Figure 8 shows the temperature distribution in liver tissue
during the MWA treatment process with the insertion depth
line at the treatment time of 1 min, 5 min, and 10 min. The
insertion depth line is the line parallel with the antenna and
away from the antenna centerline of 2.5 mm. The temperature
peaks around the slot area and decreases with distance away
from the slot. Although the temperature peaks and decreases
in a similar position, the model's temperature distribution
pattern and magnitude are different. For the treatment time of
1 min, The temperature distribution of constant properties,
Shao et al., and Wang et al. models are similar patterns, as
shown in Fig. 8(b). The temperature distribution of the Wang
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60

45.95 mm
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Fig. 7 The temperature contour and distribution in liver tissue during the MWA treatment process of the constant properties model,

Shao et al. model, Wang et al. model, and Xu et al. model with the microwave power of 45 W and microwave frequency of 2.45

GHz at the treatment time of 5 min.
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Fig. 8 The temperature distribution in liver tissue during the MWA treatment process with the insertion depth line with the microwave
power of 45 W and microwave frequency of 2.45 GHz; (a) 3D temperature distribution in liver tissue by using Xu ef al. model at the
treatment time of 5 min, (b) Temperature distribution with insertion depth line at the treatment time of 1 min, (c) Temperature
distribution with insertion depth line at the treatment time of 5 min, (d) Temperature distribution with insertion depth line at the

treatment time of 10 min.

et al. model is highest and followed by the constant properties
model, Shao et al. model, and Xu et al. model, respectively.
The temperature distribution of the Xu et al. model is the
lowest and quite different from other models. However, in this
case, the temperature distribution of the Xu et al. model
corresponds with the SAR of the Xu et a/. model. In the point
of interest, the SAR distribution by Wang et a/. model is lower
than the constant properties model, but the temperature
distribution by Wang et al. model is higher than the constant
properties model. Thus, specific thermal properties may result
in this phenomenon, but these results cannot indicate the high
impact properties.

For the treatment time of 5 and 10 min, the temperature
distribution of the Shao et al. model is the highest and
followed by the constant properties model, Wang et al. model,
and Xu et al. model, respectively. These temperature results
correspond with the SAR distribution in the previous section.

© Engineered Science Publisher LLC 2023

The temperature distribution by the constant properties model
and Shao et al. model is increased with the treatment time, and
it is clearly observed by the overall distribution and maximum
temperature. The temperature distribution by Wang et al.
model is slightly different with treatment time increasing. The
temperature distribution by Xu et al. model is different with
treatment time increasing, but it is a different pattern from
other models. In the other model, the highest temperature point
will be increased at the slot area and decrease with the distance
away from the slot. However, in the temperature distribution
of the Xu et al. model, the highest temperature is almost
unchanged with increasing treatment time. But the high
temperature will be expanded before gradually decreasing
according to the distance away from the slot because the Xu et
al. model is developed under the assumption that the electrical
conductivity of tissue is lower than the other models at the
high temperature. The temperature distribution difference

Eng. Sci., 2023, 21, 788 | 11
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between the property models will occur when the tissue
temperature is higher than 100 deg C, which models are used
different property values. The temperature difference could be
clearly observed in the slot area, which is the hot spot area.
Moreover, the temperature difference between the property
models has increased with the treatment time.

Furthermore, this study demonstrated the fraction of
necrotic tissue (6,;) that indicates the performance of the MWA
treatment process. The fraction of necrotic tissue evaluates the
damage in liver tissue during the treatment process. When
tissues get more energy, that means the heat from the treatment
process. The damage increases with the amount of heat
interaction in the tissue, as shown in equation 25. The fraction
of'necrotic tissue is the level of tissue damage, 8,4
no damage in the liver tissue. In contrast, 8; =
fully damaged liver tissue. Fig. 9 shows the fraction of
necrotic tissue during the MWA treatment process of the
constant properties model, Shao et al. model, Wang et al.
model, and Xu ef al. model at the treatment time of 10 min.

=0 indicates
1 indicates a

The fully damaged area of the constant properties model, Shao
et al. model, Wang et al. model, and Xu et al. model is 854.8

m?, 1,104.9 mm?, 627.3 mm?, 527.4 mm?, respectively. In
this study, the area liver tissue domain is 2,337.1 mm?. The
fully damaged area of the Shao et al. model is the largest,
followed by the constant properties model, Wang et al. model,
and Xu et al. model. The fraction of necrotic tissue distribution
corresponds with SAR and temperature distribution. Fig. 10
shows the fully damaged area in the liver tissue during the

854.8 mm? 1,104.9 mm?

R Const. properties model Shao et al. model

MWA treatment process when using different property models.
For all cases, the fully damaged area increases with the
treatment time, the area by the Shao et al. model is highest,
followed by the constant properties model, Wang et al. model,
and Xu et al. model. In the initial stage of treatment, the fully
damaged area of the constant properties model, Shao et al.
model, and Xu et al. models are increased with a similar trend.
After that, the fully damaged area of the Xu et al. model
increases with a lower slope, which likes as a result of the
Wang et al. model. The result of the constant properties and
Shao et al. models is increased with the same trend, but the
Shao et al. model is higher increasing than the constant
properties model. This result demonstrates the effect of the
model that considered the dielectric properties function with
the temperature, and the model is considered constant
dielectric properties.

Although the property models are used to predict the SAR
and temperature distribution in the liver during the MWA
treatment process with the same condition and the same
situation, the result of the models demonstrated the difference
in SAR distribution, temperature distribution, and damaged
tissue area. Significantly, the models have considered
dielectric properties depending on the temperature, and
models have considered constant value. Although Wang ef al.
model and Xu ef al. model seem to be able to predict the
phenomenon at hot spot areas better than the other models, this
result is not a conclusion that causes from what properties.

627.3 mm?2

Wang et al. model

0s (=)

1

0.7
0.6

0.5

Xu et al. model

Fig. 9 The fraction of necrotic tissue distribution and damaged area in the liver tissue during the MWA treatment process of the

constant properties model, Shao et al. model, Wang et al. model, and Xu et al. model with the microwave power of 45 W and

microwave frequency of 2.45 GHz at the treatment time of 5 min.
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Fig. 10 The transient fully damaged area in the liver tissue during the MWA treatment process when using different properties model

types.

Therefore, the next section will be demonstrated each of
the property functions that affect the thermal response in the
liver tissue during the MWA process.

5.4 Influence of the property function characteristics

This section focused on the effect of each property function on
the thermal response in the liver tissue during the MWA
treatment process with a microwave frequency of 2.45 GHz
and power of 45 W for all cases. The properties functions are
investigated by applying each property function in the
constant properties model, one by one function, i.e., when
investigating the electrical conductivity function, the relative
permittivity, blood perfusion rate, thermal conductivity, and
specific heat capacity are considered with a constant. All the
property functions to be investigated are relative permittivity
by Wang et al., electrical conductivity by Wang et al.,
electrical conductivity by Xu et al., blood perfusion rate by

14.81 mm

53.81 mm

50.20 mm
seceesasscsceanasaanans)

60 °C
527.23 mm?

Relative permittivity

Const. properties model by Wang et al.

48.83 mm

Shao et al., blood perfusion rate by Wang et al., blood
perfusion rate by Xu et al., thermal conductivity by Shao et al.,
thermal conductivity by Wang ef al., thermal conductivity by
Xu et al., specific heat capacity by Wang et al., and specific
heat capacity by Xu et al. The thermal response in the liver
tissue represented on the temperature distribution that is
obtained by the numerical simulation of the electromagnetic
wave propagation, heat transfer, and Arrhenius damage
equations.

Figure 11 shows the temperature contour and distribution
in liver tissue during the MWA treatment process of the
constant properties model, the relative permittivity by Wang et
al., the electrical conductivity by Wang et al., and the electrical
conductivity by Xu et al. at the treatment time of 5 min. The
dimension of the 60 deg C temperature contour shows in this
figure. The area of tissue temperature is higher than 60 deg C
of the constant properties model, the relative permittivity by

T (°C)

100

14.36 mm
—

48,50 mm
D R LT PP
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473.55 mm?2

Electric conductivity
by Wang et al.

Electric conductivity
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Fig. 11 The temperature contour and distribution in liver tissue during the MWA treatment process with the microwave power of 45

W and microwave frequency of 2.45 GHz of the constant properties model, the relative permittivity by Wang et al., the electrical

conductivity by Wang et al., and the electrical conductivity by Xu et al. at the treatment time of 5 min.
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Wang et al., the electrical conductivity by Wang et al., and the
electrical conductivity by Xu et al. are 506.78 mm?, 527.23
mm?, 473.55 mm?, and 462.58 mm?, respectively. The model
has applied a relative permittivity function that shows the hot
spot area is higher than the constant model. In contrast, the
models have applied the electrical conductivity function that
shows the hot spot area is lower than the constant model. The
SAR and temperature distribution with the insertion depth line
show the results from the model with the relative permittivity
by Wang et al. that is higher than the other models, as shown
in Fig. 12(a) and Fig. 12(b). In the models that have applied
the electrical conductivity function, the SAR and temperature
distribution with the insertion depth line are lower than in the
other models. These results demonstrated the effect of the
electrical conductivity function higher than the relative
permittivity function, especially the electrical conductivity by
Xu et al.

Figure 12(c) shows that the relative permittivity between
the constant value and Wang et al. depends on the tissue
temperature. In the case of the relative permittivity by Wang
et al., the relative permittivity will be started at 34.01 and

gradually decreases with the temperature increases, as shown
in equation 6. The relative permittivity will be dropped to
16.67 and constant in this value at tissue temperature over 100
deg C. And Fig. 12(d) shows that the electrical conductivity
between the constant value, Wang et al., and Xu et al. depends
on the tissue temperature. Similar to the relative permittivity
function, the electrical conductivity will drop to a low value
when the tissue temperature is over 100 deg C. The relative
permittivity by Xu et al. is the lowest in the high temperature,
followed by the Wang et al. and constant value, respectively.
The relative permittivity represents the ability of the insulator
to store electric energy when exposed to the electrical field in
the material. The relative permittivity is a low value, the
energy from the electrical field is permitted difficultly in the
material compared with the high relative permittivity. In this
case, the electrical field of the low relative permittivity will be
generated with the same quality and low propagation. As a
result, the heat generated by the electric field is higher the
other cases but with a low distribution. The -electrical
conductivity represents the ability to conduct the electric
current of the material, which affects the SAR distribution and
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Fig. 12 The SAR and temperature distribution along with the insertion depth line and property functions depending on the tissue
temperature of the constant properties model, the relative permittivity by Wang et al., the electrical conductivity by Wang et al., and
the electrical conductivity by Xu ef al.; (a) SAR distribution along with the insertion depth line, (b) Temperature distribution along
with the insertion depth line; (c) The relative permittivity functions depend on the tissue temperature, (d) The electrical conductivity

functions depend on the tissue temperature.
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external heat generation, as shown in equations 4-5. The
relative permittivity and electrical conductivity of tissue
depend on tissue temperature and affect predicting the thermal
response in the liver tissue during the MWA treatment process,
significantly if the tissue temperature is exceeded 100 deg C.
Although the relative permittivity and electrical conductivity
of tissue are related, the result demonstrated the effect of the
electrical conductivity function higher than the relative
permittivity function during the MWA process.

Fig. 13 shows the temperature contour and distribution in
liver tissue during the MWA treatment process of the constant
properties model, the blood perfusion rate by Shao et al., the
blood perfusion rate by Wang et al., and the blood perfusion
rate by Xu et al. at the treatment time of 5 min. The dimension
of the 60 deg C temperature contour shows in this figure. The
area of tissue temperature is higher than 60 deg C of the
constant properties model, the blood perfusion rate by Shao et
al., the blood perfusion rate by Wang et al., and the blood
perfusion rate by Xu et al. at the treatment time of 5 min are
506.78 mm2, 633.04 mm2, 357.35 mm2, and 440.11 mm2,
respectively. The hot spot area of the blood perfusion rate by
Shao et al. is more extensive than in other blood perfusion rate
models, and the hot spot area of the blood perfusion rate by
Wang et al. is lower than in other blood perfusion rate models.
Fig. 14 shows the temperature contour and distribution in liver
tissue during the MWA treatment process of the constant
properties model, the thermal conductivity by Shao et al., the
thermal conductivity by Wang et al., and the thermal

17.22 mm
—_—

53.55 mm

R P Py =

50.20 mm
ettt

Blood perfusion rate
by Shao et al.

Const. properties model

44 8] mm

D R ——

conductivity by Xu et al. at the treatment time of 5 min. The
dimension of the 60 deg C temperature contour shows in this

Table 5. The Ablation area of parameters considered in this study.

The Ablation The difference hot

Properties model area (T > spot  area . when
60°C) compared with the
constant properties
Const. properties model 506.78 mm? 0 mm?
Relative permittivity by ) 20.45 mm?
Wang et al. 2723 mm™ 4 a0
Electric conductivity by 33.23 mm?
473. 2
Wang et al. 733 mmt 6 s60)
Electric conductivity by 462.58 mm? 44.2 mm? (8.72%)
Xuetal.
Blood perfusion rate by ) 126.26 mm?
Shao et al. 633.04mm™ ) 919)
Blood perfusion rate by ) 149.43 mm?
Wang et al. 357.35mm™ 9 49%%)
Blood perfusion rate by ) 66.67 mm?
Xu et al. 440.1Tmm= 5 60
Thermal conductivity by 514 16112 738 mm? (1.46%)
Shao et al.
Thermal conductivity by 22.09 mm?
484. 2
Wang et al. 84.69mm™ ) 26%)
Thermal conductivity by 513 ¢4 2 6,76 mm? (1.33%)
Xuetal.
Specific heat capacity BY 504 71 12 207 mm? (0.41%)
Shao et al.
Specific heat capacity by 117.19 mm?
23. 2
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Fig. 13 The temperature contour and distribution in liver tissue during the MWA treatment process with the microwave power of 45

W and microwave frequency of 2.45 GHz of the constant properties model, the blood perfusion rate by Shao e# al., the blood perfusion

rate by Wang et al., and the blood perfusion rate by Xu et al. at the treatment time of 5 min.
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Fig. 14 The temperature contour and distribution in liver tissue during the MWA treatment process with the microwave power of 45

W and microwave frequency of 2.45 GHz of the constant properties model, the thermal conductivity by Shao et al., the thermal

conductivity by Wang et al., and the thermal conductivity by Xu et al. at the treatment time of 5 min.

figure. The area of tissue temperature is higher than 60 deg C
of the constant properties model, the thermal conductivity by
Shao et al., the thermal conductivity by Wang et al., and the
thermal conductivity by Xu et al. at the treatment time of 5
min are 506.78 mm2, 514.16 mm2, 484.69 mm2, and 513.54
mm?2, respectively. In this case, the hot spot area of the models
is a similar size, except that the hot spot area of the thermal
conductivity by Wang et al. is lower than in other thermal
conductivity models. Fig. 15 shows the temperature contour
and distribution in liver tissue during the MWA treatment
process of the constant properties model, the specific heat
capacity by Shao et al., and the specific heat capacity by Wang
et al. at the treatment time of 5 min. The dimension of the 60
deg C temperature contour shows in this figure. The area of
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tissue temperature is higher than 60 deg C of the constant
properties model, the specific heat capacity by Shao et al., and
the specific heat capacity by Wang et al. at the treatment time
of 5 min are 506.78 mm2, 504.71 mm2, and 623.97 mm2,
respectively. This case shows that the hot spot area of the
specific heat capacity by Wang et al. is more expansive than
in other specific heat capacity models.

Figure 16 shows the comparison temperature distribution
with the insertion depth line between the blood perfusion rate
models, thermal conductivity models, and the specific heat
capacity models at the treatment time of 5 min. All cases show
the high temperature around the slot area and decrease with
the distance away from the slot. In the blood perfusion rate
functions, the temperature distribution of the blood perfusion
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Fig. 15 The temperature contour and distribution in liver tissue during the MWA treatment process with the microwave power of 45

W and microwave frequency of 2.45 GHz of the constant properties model, the specific heat capacity by Shao et al., and the specific

heat capacity by Wang et al. at the treatment time of 5 min.
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(c) The comparison temperature distribution between thermal conductivity functions, (d) The comparison temperature distribution

between specific heat capacity functions.

rate by Shao et al. is the highest increase, followed by the Xu
functions, the temperature distribution of thermal conductivity
by Wang et al. is the highest and different from the other
thermal conductivity models, as shown in Fig. 16(c). In the
specific heat capacity function, the temperature distribution of
the specific heat capacity Wang et al. is slightly higher than
the constant properties model and the specific heat capacity by
Shao et al., respectively.

Figure 17 shows the blood perfusion rate functions,
thermal conductivity functions, remaining water content in
tissue, and specific heat capacity functions depending on the
tissue temperature. In Fig. 17(a), the blood perfusion rate of
the constant properties is 0.0036 1/s and constant in all of the
temperatures. The blood perfusion rate of Wang et al. is
increased with temperature, and the blood perfusion rate of Xu
et al. is stated at 0.016 1/s and dropped to 0 1/s when the tissue
temperature exceeded 60 deg C. In the blood perfusion rate by
Shao et al., the function is dependent on the degree of tissue
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injury (Q), in which the degree of tissue injury depends upon
the tissue temperature. It is quite difficult to directly explain
the relationship between blood perfusion rate and tissue
temperature. Thus, it is not shown in this figure. However, in
Fig. 16(b), the temperature distribution of the blood perfusion
rate by Shao ef al. and Xu et al. represent a similar result
because these two functions are developed under a similar
concept that the blood perfusion rate is dropped to zero when
tissue is dead, and the high temperature is the cause of the
tissue dead. On the other side, the blood perfusion rate by
Wang et al. referred to Keangin et al. study that developed the
MWA treatment in the liver tissue under the tissue temperature
is not exceeded 100 deg C. Therefore, the blood perfusion rate
by Shao et al. and Xu et al. concepts is more advantage than
the other models.

In Fig. 17(b), the thermal conductivity of the constant
properties model is 0.497 W/m.K and constant in all of the
temperatures. The thermal conductivity of Shao ef al. and Xu
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Fig. 17 The blood perfusion rate functions, thermal conductivity functions, remaining water content in tissue, and specific heat

capacity functions depending on the tissue temperature; (a) Blood perfusion rate functions, (b) Thermal conductivity functions, (c)

the remaining water content in the tissue during the ablation process, (d) Specific heat capacity functions.

et al. increases with temperature. These two functions are
developed under a similar concept that the thermal
conductivity will be increased with the tissue temperature.
Because the tissue structure will be changed when the tissue
temperature is higher, but tissue temperature is over some
point, the tissue structure will not change at that point is 100
deg C. Thus, the thermal conductivity of Shao et al. and Xu et
al. will be increased during the tissue temperature under of 100
deg C, and it will be constant when the tissue temperature
exceeded that point. In the thermal conductivity by Wang et
al., this function is developed under tissue evaporation during
the MWA treatment process. This function calculates the
remaining water content in the tissue during the process, as
shown in Fig. 17(c). This concept is proposed by Yang et al.
study, the water content in the liver tissue had remained around
0.778 and decreased when the tissue temperature increased.
Although the thermal conductivity by Wang et al. is a good
concept, the value function is quite different from the other
functions and the thermal conductivity value by previous
literature.!'%20-21 However, the thermal conductivity function
slightly affects the temperature prediction, as shown in Fig.
16(c), except for the thermal conductivity by Wang ef al. In
Fig. 17(d), the specific heat capacity by the constant properties
model is 3,600 J/kg.K and constant in all of the temperatures.
The specific heat capacity by Shao et al. is stable in the initial
temperature and gradually increases when the tissue
temperature increases. On the other side, the specific heat
capacity by Wang et al. is a little bit changing when the tissue

18 | Eng. Sci., 2023, 21, 783

temperature increases. Although the specific heat capacity
between the three models is different, the temperature
distribution is slightly different.

Figure 18 shows the temperature distribution with an
insertion depth line between relative permittivity by Wang et
al., electrical conductivity by Xu et al., blood perfusion rate
by Xu et al., thermal conductivity by Shao et al., thermal
conductivity by Wang et al., and specific heat capacity by
Wang et al. at the treatment time of 5 min. These functional
properties affect the distribution of high tissue temperature
compared to the constant properties model. The function that
affects the tissue temperature distribution the most is the
electrical conductivity by Xu et al., followed by thermal
conductivity by Wang ef al., blood perfusion rate by Shao et
al., relative permittivity by Wang et al., thermal conductivity
by Shao et al., and specific heat capacity by Wang et al.,
respectively. However, the thermal conductivity by Wang et al.
is not corresponding with the previous study and is more
different from other thermal conductivity functions, as shown
in Fig. 17(b). Thus, this study will suggest the thermal
conductivity of Shao ef al. than Wang et al.

This section proposed the influence of each property
characteristic on the temperature distribution in liver tissue
during the MWA treatment process. The results show the
difference in the tissue temperature distribution when using a
different function even if the same type of the properties. The
affecting tissue

most property functions temperature

prediction is electrical conductivity, followed by blood
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Fig. 18 The temperature distribution with an insertion depth line between relative permittivity by Wang et al., electrical conductivity
by Xu et al., blood perfusion rate by Xu ef al., thermal conductivity by Shao ef al., thermal conductivity by Wang et al., and specific

heat capacity by Wang et al. with the microwave power of 45 W and microwave frequency of 2.45 GHz at the treatment time of 5

min.

perfusion rate, relative permittivity, thermal conductivity, and
specific heat capacity, respectively. The main reason for the
difference is that some functions consider the effect of
evaporation during the ablation process, but some properties
are not considered. However, some properties functions
induced the tissue temperature to be higher than the properties
constant model, but some properties functions reduced the
tissue temperature lower than the properties constant model.
The next section will propose the comparison suggestion
properties model with the constants properties model to
demonstrate the effects of all property functions in the actual
model.

In some studies, some group research can be avoided this
limitation by considering the MWA process with low
microwave power, such as the studies by Keangin et al.
However, this limitation cannot be avoided forever.

5.4 The comparison suggestion properties model with
constants properties model

This section demonstrates the thermal response in the liver
tissue during the MWA treatment process with a microwave
frequency of 2.45 GHz and power of 45 W between the
suggestion properties model and the constants properties
model. The suggestion model consists of the electrical
conductivity by Xu et al., blood perfusion rate by Shao et al.,
relative permittivity by Wang et al., thermal conductivity by
Shao et al., and specific heat capacity by a constant value,
which is suggested in previous sections. The specific heat
capacity function is considered with a constant value because
the specific heat capacity function slightly affects the tissue
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temperature distribution. Thus, this suggestion is used a
specific heat capacity of liver tissue with a constant value.

Figure 19 shows the SAR and temperature distribution in
the liver tissue during the MWA treatment process with a
microwave frequency of 2.45 GHz and power of 45 W
between the suggestion properties model and the constants
properties model at the treatment time of 5 min. The
dimensions of the hot spot area between the suggestion
properties model and the constant properties model as shown
in Figs. 19(b) and 19(c). The hot spot of the suggestion
properties model is large than the hot spot of the constant
properties model. The SAR distribution in the insertion depth
line (r=2.5 mm) of the suggestion properties model is lower
than the constant properties model, as shown in Fig. 19(d).
And the temperature distribution in the insertion depth line
(r=2.5 mm) of the suggestion properties model is lower than
the constant properties model according to the SAR
distribution, as shown in Figs. 19(d)-19(e).

Figure 19 The SAR and temperature distribution in the
liver tissue during the MWA treatment process with a
microwave frequency of 2.45 GHz and power of 45 W
between the suggestion properties model and the constants
properties model with the microwave power of 45 W and
microwave frequency of 2.45 GHz at the treatment time of 5
min; (a) 3D temperature distribution in liver tissue by using
the suggestion model, (b) The temperature contour and
distribution of the constant properties model, (c¢) The
temperature contour and distribution of the suggestion model,
(d) The comparison SAR distribution along with the insertion
depth line of the constant properties model and suggestion
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Fig. 19 The SAR and temperature distribution in the liver tissue during the MWA treatment process with a microwave frequency of

2.45 GHz and power of 45 W between the suggestion properties model and the constants properties model with the microwave power

of 45 W and microwave frequency of 2.45 GHz at the treatment time of 5 min; (a) 3D temperature distribution in liver tissue by using

the suggestion model, (b) The temperature contour and distribution of the constant properties model, (c¢) The temperature contour

and distribution of the suggestion model, (d) The comparison SAR distribution along with the insertion depth line of the constant

properties model and suggestion model, (¢) The comparison temperature distribution along with the insertion depth line of the

constant properties model and suggestion model.

model, (¢) The comparison temperature distribution along
with the insertion depth line of the constant properties model
and suggestion model.

This section demonstrated the effect of the property models
suggestion, which is represented in section 5.3, compared with
the constant properties model. The SAR and temperature
differences can be observed in the tissue temperature
exceeding 60 deg C, mainly could be clearly observed when
the tissue exceeds 100 deg C. Moreover, the result is indicated
the property functions that can more extensively affect the
wider tissue area, as shown in Figs. 19(b) and 19(c). The
consideration of tissue properties functions is essential to the
SAR and temperature predicting in the liver tissue during the
MWA treatment process.

20| Eng. Sci., 2023, 21, 788

6. Conclusions

This study proposed the effect of mainly property model types
and characteristics of each property function on thermal
response in the liver tissue during the MWA treatment process.
The microwave power of 45 W and the microwave frequency
of 2,45 GHz are considered for all cases. The main property
model types as the constant properties model, Shao et al.
model, Wang et al. model, and Xu et al. model are developed
and investigated on the SAR distribution, tissue temperature
distribution, and the fraction of necrotic tissue during the
MWA process with same governing equations, initial
conditions, and boundaries conditions. The mathematical
the the
electromagnetic wave propagation, heat transfer in the

models are developed under couple with
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biological tissue, and the Arrhenius damage equation. In order
to verify the accuracy and precision of the presented numerical
model, the numerical model of the constant properties is
validated with the experimental results obtained by Yang et
al.lunder the same testing condition, as shown in section 5.1.
The results demonstrate the difference in the SAR distribution,
tissue temperature distribution, and the fraction of necrotic
tissue when applied to the different properties model in the
same conditions, as shown in section 5.2. However, this
section cannot indicate the properties that cause the different
results. So, section 5.3 demonstrated the effect of each
property functions on the thermal response in the liver tissue
during the MWA treatment process with the same power and
frequency. These results show the distance tissue temperature
when using the different property function. The electrical
conductivity by Xu et al. is the most impact function, followed
by the blood perfusion rate by Shao et al., relative permittivity
by Wang et al., thermal conductivity by Shao et al., and
specific heat capacity by Wang et al., respectively. In the last
section, the prediction distribution of the suggestion property
model is compared with the result of the constant properties
model. The difference between the two models can be
observed when tissue temperature exceeds 60 deg C, and it is
clearly observed when tissue temperature exceeds 100 deg C.
The main reason for the difference is that some functions
consider the effect of tissue evaporation during the ablation
process, but some properties are not considered. However, in
some cases, the constant properties might be a good choice
because it is simple and predicts fair results when applied in
the tissue temperature not exceeding 100 deg C.
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Appendix A. Dielectric properties of liver tissue, the relative
permittivity (&) and the electric conductivity (o) by Wang et al.
and Xu et al. models
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The relative permittivity functions (&)
&rwang(T) = 47.043 — 0.042(T + 273.15)

For 37 °C < T <

100°C  (Al)

€r-wang(T) = 5459.8 — 14.55(T + 273.15) For 100 °C < T <

101°C  (A2)

Erwang(T) = 16.67101°C < T For101°C<T
(A3)

The electric conductivity (o)

Wang ef al.'s model

Owang (T) = 1.7381 — 0.0004(T + 273.15) For 37 °C < T <

100°C  (A4)
Owang(T) = 294.17 — 0.78(T + 273.15)  For 100 °C < T <
101°C  (AS)

Owang (T) = 0.81 For 101 °C<T (A6)
Xu et al.'s model
oxy(T) = 1.7381 — 0.0004(T + 273.15)

100°C (A7)

For 37 °C<T<

1
1+exp(5.9506—0.0697T)

0y (T) = 2.173 (1 - ) For 100 °C < T

(A8)

Appendix B. Blood perfusion rate (o) and the thermal properties,
i.e., thermal conductivity (k) and specific heat capacity (C,) of the
liver tissue by Shao et al., Wang et al., and Xu ef al. models

Blood perfusion rate (wp)

Shao et al.'s model

Wp,shao (2) = Wpo For (T)<0 (B1)
Wp shao (2) = wpo[1 + 2502(T) — 26002(T)*] For 0 < (T) <
0.1 (B2)

Wb shao (D) = wpoexp[~Q(T)]  For0.1<Q(T)  (B3)
where s is the blood perfusion rate of liver tissue, @y is the
constant blood perfusion rate of liver tissue, and Q(T) is the
degree of tissue injury. In the normal liver, the oy is 6.4 x 103 s~
!, In the study by Shao et al., liver tissue's blood perfusion rate
depends on the degree of tissue injury. Although the degree of
tissue injury is dependent on the tissue temperature, there are
different blood perfusion rate values when considered by direct
temperature and degree of tissue injury. This will be discussed in
the next section.

Wang ef al. model

Wpwang(T) = 0.00035 + 0.000021(T + 273.15)
Xu et al. model

wp(T) = 0.016
wy(T) =0

The thermal properties

(B4)

For 37°C < T<60°C
For 60 <T

(B3)
(B6)

Shao et al.'s model

ksnao(T) = kyep +0.0013 X (T — Tyef)
ksnao (T) = k(100)

Cp,Shao (M ==0C

For T<100 °C
For 100 °C<T
For T<63.5°C
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Cp,shao(T) = Co + C; X (T — 63.5) For 63.5°C<T
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