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Abstract

This study presents a numerical comparison of microwave ablation using the Pennes
bioheat and porous media models in a deformed liver cancer geometry. A single slot
coaxial antenna operating at 2.45 GHz with a power of 10 W for 10 minutes was
simulated using the finite element method, incorporating electromagnetic wave
propagation, heat transfer, and tissue deformation. Validation against published
experimental data and a mesh independence test confirmed the accuracy of the
model. Results indicate up to a 6.7% higher specific absorption rate in the porous
media approach, contributing to a temperature difference of approximately 10-13%
at 10 minutes compared to the Pennes model. Peak von Mises stress increased by
more than 2 Pa in tumor regions, and necrosis progression differed between the
models. While both models predicted complete tumor cell death, the Pennes bioheat
approach consistently reached thresholds sooner in both tumor and adjacent healthy
tissue. These findings highlight the role of tissue porosity and convection in heat
transport and deformation, demonstrating the porous media model’s improved
predictive capability for longer ablation durations and its potential for optimizing
treatment protocols.

KeyWOI'dS: Bioheat, Liver cancer, Microwave ablation, Numerical simulation,
Porous media, Tissue deformation.

Nomenclature

A frequency factor (1/s)

a volumetric heat transfer area (1/m)
C arbitrary constant (-)

Co specific heat capacity (J/kg-K)

E elastic modulus (Pa)

E electric field (V/m)

E, activation energy (J/mol)

F external body force (N/m”3)

f microwave frequency (Hz)

H  magnetic field (A/m)

hy tissue interfacial heat transfer coefficient (W/m?2-K)



k wave propagation constant (m-)

ko free space wave number.

Kn thermal conductivity (W/m-K)

P; microwave Power input (W)

r r-axis in the cylindrical coordinate system (m)
Qext external heat source term (W/m3)

Qmnet Metabolism heat source term (W/m3)

Qperr  blood perfusion term (W/m3)

R universal gas constant (J/mol-K)

Rinner inner radius of dielectric (m)

Router outer radius of dielectric (m)

T temperature (°C)
t time (s)
u displacement vector (m)

%4 blood velocity (m/s)
y4 wave impedance (Q)

z z-axis in the cylindrical coordinate system (m)

Greek letter

a thermal expansion coefficient (1/°C)
B coefficient (-)

€ strain (-)

eth thermal strain (-)

& relative permittivity (-)

€0 permittivity of free space (F/m)

04 fraction of necrotic tissue (-)

p density of tissue (kg/m3)



o stress (Pa)

Oe electric conductivity (S/m)
A wavelength (m)

Ur relative permeability (-)

v poisson’s ratio (-)

azimuth-axis in the cylindrical coordinate system (m)

porosity (-)
0 cumulative tissue damage (-)
) angular frequency (rad/s)

Wy blood perfusion rate of tissue (1/s)

Subscripts

b blood phase

eff  effective value

r, z, ¢ component of the cylindrical coordinate system
ref  reference

S tissue phase

th thermal properties

1. Introduction

Microwave ablation (MWA) is an alternative treatment for liver cancer, offering a
minimally invasive option that can effectively target and destroy tumor cells while
preserving the surrounding healthy tissue [1,2]. The use of MWA via a microwave
coaxial antenna (MCA) in liver cancer treatment has shown promising results,
making it an area of interest for further investigation. Liver cancer remains a complex
disease with limited treatment options and high mortality rates [3]. MWA has
emerged as a viable treatment, providing improved outcomes and reduced side
effects compared to traditional therapies. However, the challenge of accurately
targeting tumor cells without causing unintended damage to surrounding healthy
tissue remains a limitation [4]. Hence, numerical simulation is essential for
understanding MWA behavior in liver tissue and optimizing treatment parameters [5].



Following the recognition of MWA as an innovative treatment for liver cancer, the
development of numerical models has become crucial for optimizing its
effectiveness. These models are fundamental in simulating temperature distribution,
a key factor in the success of MWA treatments [6]. Initially, MWA modeling was
based on the Pennes bioheat equation, which incorporates heat diffusion and blood
perfusion effects in tissues [7]. While this model provides foundational insights, it
struggles to accurately capture the rapid heating phenomenon characteristic of
MWA, prompting the exploration of enhanced models such as the Dual Phase Lag
(DPL) bioheat model [8—11], modifications for water evaporation effects [12], and the
incorporation of tissue deformation analysis to improve treatment accuracy [13].

A promising alternative is the porous media approach, which leverages the
microstructural similarity between tissues and porous materials to improve heat
transfer modeling in biological tissues [14,15]. This theory has the potential to
revolutionize MWA numerical modeling by providing a more nuanced understanding
of thermal dynamics and blood flow heterogeneity [1,16,17]. Notably, recent studies
by Tucci et al. [6] and Trujillo et al. [18] have applied variable-porosity models to
MWA, demonstrating their significant impact on ablation outcomes. By considering
tissue porosity and permeability, this approach aims to improve the accuracy of
thermal predictions, potentially optimizing treatment strategies.

Despite the promise of porous media theory, its application in MWA treatment
remains limited. Most existing models focus on homogeneous tissue assumptions,
neglecting the dynamic variations in tissue porosity, blood perfusion, and mechanical
response during ablation. The complexity of simulating heat transfer in MWA using
porous media theory, which involves multiple assumptions and parameters,
highlights a significant research gap. Addressing these gaps through focused studies
on heat transport under porous media conditions in MWA treatment is essential for
enhancing model accuracy, treatment precision, and overall patient safety.

In previous numerical models for MWA treatment, tissue deformation due to thermal
expansion has been identified as a critical factor affecting heat transport. As
microwave energy propagates and converts into localized heat, a rapid increase in
tissue temperature leads to thermal expansion, which influences heat transport
dynamics [19,20]. Keangin et al. [13] compared MWA models with and without tissue
deformation analysis, demonstrating its substantial impact on heat distribution.
These findings indicate that tissue deformation is not merely a by-product of the
heating process but a fundamental factor influencing treatment planning, efficacy,
and patient safety.



Despite its importance, few studies have integrated porous media theory with tissue
deformation analysis in MWA treatment. This presents a significant research gap, as
the mechanical response of tissues can affect both heat transfer and
electromagnetic wave propagation. Investigating these effects in detail will help
refine MWA numerical models, enhancing treatment precision and safety.

This study presents a numerical analysis of liver cancer models under the Pennes
bioheat and porous media approaches, comparing and investigating electromagnetic
wave propagation, temperature distribution, and tissue deformation. The
mathematical model integrates electromagnetic propagation, heat transfer in
biological tissues, tissue damage assessment, and tissue deformation analysis. A
key aspect of this research is the direct comparison of tissue deformation effects
between the Pennes bioheat and porous media models under identical conditions.
To ensure the accuracy of the numerical simulations, results are validated against
experimental data from Yang et al. [12]. The Finite Element Method (FEM) is
employed to solve the governing equations. Simulation results provide insights into
heat transport mechanisms and tissue deformation dynamics during MWA treatment,
emphasizing the key differences between Pennes bioheat and porous media
models. These findings offer valuable guidance for treatment planning and contribute
to improving model accuracy in MWA simulations.

2. Problem Statement

This study focused on comparing the phenomena observed in deformed liver cancer
treatment using MWA, between models developed based on the Pennes bioheat
approach and those utilizing the porous media approach. In this investigation, the
deformed liver cancer models were treated using a single-slot microwave coaxial
antenna, a device widely recognized and used in practical applications [1]. To
simplify the complexity of this issue, it is assumed that the microwave antenna is
already embedded in the liver tissue and remains stationary during the treatment
procedure. In this study, the microwave antenna operates at a power level of 10 W
and a frequency of 2.45 GHz for all cases. The geometric dimensions and properties
of the single-slot MCA will be discussed in the following section. The model
comprises three domains: the single slot MCA, the tumor, and the surrounding
healthy liver tissue. Mathematical models were developed based on electromagnetic
wave propagation, heat transfer in biological tissues, tissue damage, and tissue
deformation analysis. Electromagnetic wave propagation is considered across all
domains. On the other hand, heat transfer in biological tissues, tissue damage
analysis, and tissue deformation analysis are confined to the biological domain,
specifically the tumor and surrounding healthy tissue. The mathematical models
were solved using FEM, based on the assumption of 2D transient axisymmetric. The
specific absorption rate (SAR), temperature distribution, tissue deformation, and the
fraction of necrotic tissue are calculated and compared between models developed
using the Pennes bioheat approach and the porous media approach. Particular
emphasis was placed on the effects of tissue deformation analysis, highlighting the
distinctions and implications of using the porous media and bioheat approaches to



model the dynamic responses of tissue to MWA. A critical aspect of this study
involves examining the phenomena during the treatment process, explicitly
comparing models developed using the Pennes bioheat approach with those utilizing
the porous media approach, focusing on tissue deformation. This examination is
instrumental in understanding the nuanced impacts of different modeling approaches
on the efficacy of MWA treatments.

3. Materials and methods

The numerical model is formulated to predict SAR distribution, temperature profile,
tissue damage, and tissue deformation in a liver cancer model during MWA
treatment. The following section presents an analysis of electromagnetic wave
propagation, heat transfer, tissue damage, and tissue deformation in liver cancer
during the MWA process. The system of governing equations, along with the initial
and boundary conditions, is solved numerically using FEM implemented in
COMSOL™ Multiphysics. The relevant boundary conditions are depicted in Figure 1.

3.1 Physical model

This study develops a physical model using a 2D axisymmetric approach in r-z
coordinates to simulate MWA treatment. The model's overall dimensions include a
radial axis of 30 mm and a height of 80 mm, consistent with the typical dimensions of
human organs [4,5,12]. The practical concept of this treatment is illustrated in Figure
1(a). In clinical applications, MWA is inherently a three-dimensional (3D) problem, as
shown in Figure 1(b). To simplify computational complexity, the liver is assumed to
be homogeneous, and the treatment domain is considered axisymmetric, reducing
the 3D problem to a 2D axisymmetric model, as depicted in Figure 1(c). The model
comprises three key domains: the microwave antenna, the tumor, and the
surrounding healthy liver tissue.



Scattering boundary condition
Core body temperature boundary condition
Moving surface

Healthy
liver tissue

The single-slot The single-slot 4 Scattering boundary condition
MCA - — — —
nx\[€E~ \[uH,= = 2,/TiHy

4— Core body temperature
- boundary condition
b T=37C

f MCA
Healthy )

| 4— Moving surface

| -
b 40 mm EM w;ave contll‘u.uty
'5'\ N oundary cor
N x - =
| [ e
Tumor —’—b 20 |
| ' | { Thermal continuity
. — l \ Axis symmetry 4 ‘ boundary condition
3 " ni- -V =
20 ~ "‘0,‘,,\‘ X 0 boundary condition —*| (RV T~ &V 1) =0
0 by R 20 BE n=1
s —
Tumor mm 20 0 E=0, 8_Z =0
2 mm A (- kv 7% =0 Scattering boundary condition
iou=0 Core body temperature boundary condition
nu= Moving surface
(8) (B (9

Figure 1. Physical domain and boundary conditions of MWA for liver cancer treatment model; (a) The
concept of MWA for deformed liver cancer treatment, (b) The model geometry showing the arrangement
of the liver, tumor, and MCA, (c) The boundary conditions applied to the models.

In practical applications, the microwave antenna used is a single-slot MCA, whose
dimensions are well-documented in the literature [2,13]. The dielectric properties of
the antenna are assumed to be constant and are provided in Table 1. In this study,
heat transfer and deformation analysis of the antenna are not considered. The
antenna is positioned along the z-axis and remains stationary during treatment, with
its insertion point at the top boundary of the cylindrical domain, as shown in Figure

1(b).

Table 1. The dielectric properties of a single-slot microwave coaxial antenna [1].

Properties Relative permittivity, €, Electric conductivity, g.(S/m) Relative permeability y,

Dielectric 2.03 0 1

Catheter 2.1 0 1

Slot 1 0 1




The tumor is modeled as a spherical structure with a radius of 10 mm. Although real
tumors exhibit asymmetry, they are conventionally approximated as spherical to
facilitate modeling and ensure comprehensive ablation of cancer cells [4,5]. In this
study, the tumor center is positioned along the z-axis, 16 mm away from the bottom
boundary, aligning with the slot centerline of the antenna. Due to the 2D
axisymmetric assumption, the tumor is represented as a semicircle, as illustrated in
Figure 1(c).

The healthy liver tissue domain surrounds both the antenna and the tumor. In this
study, healthy liver tissue is assumed to be homogeneous and isotropic, similar to
the tumor. The thermal, dielectric, and mechanical properties of both tissue types are
summarized in Table 2 [6,18,21,22], with all properties evaluated at 2.45 GHz, the
operating frequency of MWA.

Table 2. The properties of the healthy liver tissue, the tumor, and blood [6,18,21].

Properties The healthy liver tissue Tumor Blood
Relative permittivity, &, 57.55 62.44 -
Electric conductivity, g, (S/m) 1.95 2.18 -
Density, p (kg/m?) 1,0802 / 370° 10452 /370> 10002/ 370°
Thermal conductivity, &, (W/m-K) 0.502 0.60 0.502

Specific heat capacity, C, (J/kg'K) 3,455 /2,156 3,760* /2,156 3,639%/2,156°

Blood perfusion, wy, (1/s) 0.0036 0.019 -

Elastic modulus, £ (kPa) 0.6 20 -




The physical domain is thus represented as a 2D rectangular geometry along the r
and z axes under the 2D axisymmetric framework. This formulation serves as the
foundation for deriving the governing equations, boundary conditions, and initial
conditions in cylindrical coordinates. Consequently, the model effectively bridges 1D,
2D, and 3D representations, ensuring a realistic and computationally efficient
simulation of MWA treatment.

3.2 Electromagnetic wave propagation analysis

Electromagnetic wave propagation analysis plays a critical role in MWA treatment.
The treatment mechanism involves microwave energy transmission through MCA,
which is subsequently absorbed by the tumor and surrounding healthy tissue,
generating localized heat within a specific region. Since electromagnetic wave
propagation directly influences temperature distribution, it is a key factor in
determining the effectiveness of the treatment. Therefore, this mathematical model is
developed with a primary focus on electromagnetic wave propagation analysis
across all domains.

To simplify the complexity of the analysis, the following assumptions are considered:

1. Electromagnetic wave propagation is analyzed within a 2D axisymmetric
model in r-z coordinates.

2. In the MCA, electromagnetic wave propagation is characterized by
transverse electromagnetic (TEM) fields.

3. In the healthy tissue and tumor, electromagnetic wave propagation is
characterized by transverse magnetic (TM) fields.

4. The dielectric properties of the MCA are assumed to be constant and
uniform.

The propagation of electromagnetic waves within the microwave antenna follows the
TEM model as described in previous studies [13].

Electric field (E):

E = ﬁrgexz)(j(wt—kz)), (1)

Magnetic field (ﬁ)

H = ity —exp(j(wt — k2)), 2)



ZPin . . . . . . .
where € = Romer/Romy 18 the arbitrary constant, Z is the wave impedance in the dielectric
of the cable (Q), P;, is the microwave power input (W), R, is the dielectric outer radius (m),
Riumer 1s the dielectric inner radius (m), f is the microwave frequency (Hz), w = 2xzf is the

angular frequency (rad/s), k is the wave propagation constant (m''), which relates to the
2
7.

wavelength (1) in medium: k =

Furthermore, the propagation of the electromagnetic wave in the healthy liver tissue
and the tumor is by TM as described by the following equation:

vx (L) Ty x A,)-wiii, =0 @

Er wEQ

where the ﬁ(p is magnetic field intensity (A/m), p, is relative permeability, ¢, is relative

permittivity, £, = 8.8542 x 10~12 (F/m) is permittivity of free space, o, is the electrical
conductivity (S/m), and kg is the free space wave number.

In this study, the relative permittivity (&) and the electric conductivity (o.) of the
healthy liver tissue and tumor are considered to be temperature-dependent, as
detailed in [22]. The function is as follows:

= =379 b 1 4)
0o(T) = 0o(T =37 C)(l 1+exp(6.583—0.0598T))’

_ o _ 1 5
&r(T) = &(T'=37 C)(l 1+exp(5.223—0.0524r))’ ()

where the ¢.(T) is the electrical conductivity at temperature T °C, £(T) is the relative
permittivity at temperature T °C, and T is the tissue temperature. The dielectric
properties of MCA, the tumor, and liver tissue are shown in the Table 1 and 2.

The interaction of electromagnetic waves within the domain of the healthy tissue and
the tumor is characterized by the distribution of SAR. As electromagnetic waves are
emitted by MCA, they traverse this antenna and subsequently propagate through the



entirety of the domain. These waves are absorbed, leading to their conversion into
an external heat source term (Qqy). In the context of this study, the SAR is defined
as the rate of microwave power absorption per unit mass of tissue (W/kg) [17]. The
formulation of SAR is as follows:

_ Qext (©)

where p is the density of the healthy liver tissue (kg/m?) and the tumor (kg/m3).

The boundary conditions of electromagnetic wave propagation show in Figure 1(c),
and the electric and magnetic field at the initial condition is set to zero.

3.3 Heat transfer analysis

This treatment is designed to induce thermal damage within a specific region, such
as a tumor, while minimizing damage to surrounding healthy tissue. Heat transfer
analysis plays a pivotal role in evaluating the treatment's efficacy. This study
examines deformed liver cancer models developed under two distinct heat transfer
methodologies: the Pennes bioheat approach and the porous media approach. The
analysis focuses on heat transfer dynamics within both healthy liver tissue and tumor
regions during MWA treatment.

The bioheat equation serves as the foundation for modeling heat transfer within
biological tissue. However, the primary focus of this study lies in comparing the
Pennes bioheat model and the porous media model, emphasizing key differences in
their bioheat equations. To simplify the complexity of the analysis, the following
assumptions are considered:

1. Heat transfer analysis is conducted within a 2D axisymmetric model in r-z
coordinates.

2. For the Pennes bioheat approach, both the healthy liver tissue domain and
the tumor domain are assumed to be homogeneous with uniform properties.

3. For the porous media approach, both the healthy liver tissue and tumor
domains are considered porous, isotropic, and fully saturated with blood.

4. In the porous media approach, the local temperature between the tissue

and blood phases at the same point is assumed to be in local thermal
equilibrium (LTE).



5. The porosity of the healthy liver tissue and tumor is considered constant
throughout the treatment process.

6. Blood within the tissue is assumed to be incompressible and follows
Newtonian fluid dynamics.

7. Chemical reactions and phase changes within the tissue are neglected.

8. Heat transfer analysis within the MCA domain is neglected.

The Pennes bioheat equation models heat transfer in biological tissue by solving the
energy equation under the bioheat approach [7]. The equation is as follows:

oT (7)
pCpE = V- (kentVT) + Qperf + Qmet + Qext

where the p is the density of the healthy tissue (kg/m?3), the tumor (kg/m?3), and blood
(kg/m3), C,, is the specific heat capacity (J/kg-K), T is temperature of the healthy
tissue and the tumor (°C), ki, is the thermal conductivity (W/m-K), Qper is the blood
perfusion term (W/m3), Q¢ is the metabolism heat source term (W/m3), and Qey; is
the external heat source term (W/m3).

The thermal properties of both healthy tissue and tumor are presented in Table 2.
Additionally, perfusion physically represents a heat sink, as it accounts for heat
transfer from heated tissue to circulating blood, which occurs due to the temperature
difference between the tissue and blood [6,16]. The heat sink effect due to perfusion,
denoted as Qe is defined as:

Qperf = BPpCppwp(Tp—T), (8)

where wy, is the blood perfusion rate in the healthy liver tissue (1/s), and the tumor
(1/s), which is characterized by the blood perfusion rate, which can be intended as
the frequency at which blood perfuses the tissue. The coefficient S is related to the
thermal damaged function, and it will be described in the following subsection.

The governing equations that describe heat transfer in biological porous tissue for
tissue and blood phases have been modified to incorporate LTE conditions [1,5]. The
equation is as follows:



(Cp),p 50+ (0Co) (V- T) = U+ (eepvT) (%)
+(1 - ¢)Qmet + Qext,

(0Cp),;p = (1= ) (0Cp) + d(oCp),, (10)

kenerr = (1 — @)kens + Pkinp, (11)

where s, b, th and eff represent tissue phase (solid matrix), thermal, blood phase, and the
effective value respectively. The porosity (¢) is defined as the volume of the vascular space
compared to the total volume, and in this study, it is assumed to be a constant value of 0.05
[1,16,23]. However, the blood velocity (V) is related to the volumetric heat transfer area (a)
between blood and tissue phases, the tissue interfacial heat transfer coefficient (%,,).

The boundary conditions of heat transfer of the healthy liver tissue and the tumor in the heat
transfer analysis are shown in Figure 1(c), and the temperature in the healthy tissue and the
tumor at the initial condition is set to 37 °C as same as the core body temperature.

3.4 Thermal damaged analysis

The study of thermally damaged tissue is an integral aspect of heat transfer analysis,
but it is considered only for healthy liver tissue and the tumor. The assumptions in
this section are consistent with those established in the heat transfer analysis.
Thermal damage refers to injury resulting from excessive heat exposure and can be
quantified using the Arrhenius damage equation. This equation establishes a
correlation between exposure time, temperature, and kinetic parameters, describing
tissue morphology changes due to protein degradation during thermal ablation [2,3]:

t

_Ea> dt. (12)

() = Afo exp< RT

where Q(t) is the cumulative tissue damage, A is the frequency factor (1/s), E, is the
activation energy (J/mol) and R is the universal gas constant (J/mol-K). For the
healthy liver tissue domain, the frequency factor (A), and activation energy (E,) are
equal to A =7.39 x10%° (1/s) and E, = 2.577 x 10° (J/mol). For the tumor domain, the



frequency factor (A), and activation energy (E,) are equal to A = 3.247 x1043 (1/s)
and E, = 2.814 x 10° (J/mol) [3]. The fraction of necrotic tissue (64) can be
expressed as:

0 =1 — exp(—10), (13)

The fraction of necrotic tissue (84) is quantified as a proportion of the damaged
tissue, with values ranging from 0 to 1. A value of one indicates complete tissue
damage, whereas a value of zero signifies no damage. Furthermore, the coefficient
B mentioned in the previous section is related to the fraction of necrotic tissue [6]. If
the fraction of necrotic tissue is equal to or exceeds 0.99, the coefficient S is set to
zero. Conversely, if the fraction of necrotic tissue is less than 0.99, the coefficient g
is set to one.

3.5 Tissue deformation analysis

Tissue deformation analysis is essential for liver cancer treatment, as MWA involves
the rapid heating of biological tissue, leading to thermal expansion. This analysis
significantly influences temperature prediction, which is crucial for achieving effective
treatment outcomes. To simplify the complexity of the analysis, the following
assumptions are considered:

1. Tissue deformation analysis is conducted within a 2D axisymmetric model
in r-z coordinates.

2. Both the healthy liver tissue and the tumor domain are considered to
undergo elastic deformation.

3. The healthy liver tissue and the tumor are assumed to exhibit isotropic
deformation characteristics.

4. The mechanical properties of the tissue are assumed to be uniform and
constant throughout the MWA treatment.

5. Chemical reactions occurring during tissue deformation are disregarded.

6. Deformation analysis within the microwave antenna is not considered.

The analysis of tissue deformation within both healthy liver tissue and the tumor is
intricately linked to the thermal effects experienced during MWA treatment. This
analysis is conducted by solving the equilibrium equations, strain-displacement
relations, and stress-strain relations [13]. The governing equations for this analysis
are presented as follows:



Equilibrium equations

90w | 001z | e %% _ (14)
ar+az+ " +F. =0,

99z 4 994 | Trz = (15)
S+ EHF, =0,

The strain-displacement relations

e = 2 (16)
Ez = aauzz, (17)
gy = = (18)
= ), ™

The stress-strain relations

err = Flor —(0gy + 7] + e, (20
Epp = %[%(ﬂ - v(orr + O—zz)] + gth’ (21)
£, = @ (22)

where ¢ is the stress (Pa), uis the displacement vector (m), F is the external body

force (N/m3), ¢ is the strain v is the poisson’s ratio, E is the elastic modulus (Pa), and
the thermal strain (&) can be defined by the following as:

T (23)
gth = f adT,
Tref

where, T, is the core body temperature (T,.s = 37 °C), and the coefficient of thermal
expansion, denoted as « (1/°C), for both healthy tissue and tumors is 1x10~* 1/°C



[13]. The mechanical properties of the healthy liver tissue and the tumor are shown
in Table 2 [13,24,25].

The boundary condition of tissue deformation analysis of the healthy tissue and the
tumor are shown in Figure 1(c), and the stress and strain in the healthy tissue and
the tumor at the initial are assumed to zero.



3.6 Calculation procedure

In this study, numerical models were analyzed
using FEM to solve the 2D axisymmetric transient
problem, utilizing COMSOL™ Multiphysics. The
mathematical model for deformed liver cancer
treatment with MWA integrates multiple analyses,
including electromagnetic wave propagation, heat
transfer in biological tissues, tissue damage, and
tissue deformation. The model was discretized
using triangular elements with Lagrange quadratic
shape functions, incorporating adaptive refinement
In sensitive regions to enhance accuracy.

The computational scheme begins by computing
the external heat source term, which is determined
by first running an electromagnetic wave
propagation calculation to obtain SAR.
Subsequently, the time-dependent temperature
distribution is solved. Additionally, thermal damage
and tissue deformation due to thermal expansion
are computed. Both the Pennes bioheat model
and the porous media model follow the same
computational procedure.



To accurately describe the heat transfer pattern,
the specification of temperature distribution is
required. These equations are coupled with the
governing equations for electromagnetic wave
propagation, energy conservation, the Arrhenius
equation, and tissue deformation. The initial and
maximum time steps used to solve the system of
equations for electromagnetic wave propagation
and heat transport are 1x107"2 s and 0.1 s,
respectively.

The 2D axisymmetric FEM model is discretized
using triangular elements with Lagrange quadratic
shape functions, as illustrated in Figure 2(a). To
ensure accurate results, a fine mesh is applied in
sensitive areas where significant thermal and
mechanical changes occur. The system of partial
differential equations, along with their
corresponding boundary conditions, is coupled
and solved numerically using FEM in COMSOL ™
Multiphysics. FEM provides efficient and accurate
solutions to complex heat transfer problems,
making it well suited for simulating thermal
ablation processes.
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Figure 2. Mesh configuration and convergence analysis, (a) FEM mesh used for the deformed liver
tissue during MWA treatment model, (b) Mesh convergence of deform porous model.



The Multifrontal Massively Parallel Solver
(MUMPS) is employed as a direct solver, while the
Generalized Minimal Residual Method (GMRES) is
used as an iterative solver to approximate the SAR
profile, temperature distribution, and tissue
deformation caused by thermal expansion.

To ensure solution accuracy and mesh
independence, the study examines model
convergence by analyzing temperature variations
at a critical point. The mesh density, with 47,095
elements, was verified to achieve mesh-
independent results, as shown in Figure 2(b). The
convergence curve demonstrates the relationship
between temperature and the number of elements,
confirming that beyond a certain element count,
additional refinement does not significantly impact
computational outcomes. A dense mesh zone is
applied around the antenna tip, where temperature
gradients are highest, ensuring accurate
representation of thermal effects.

4. Results and Discussion

A comprehensive numerical model is proposed, integrating transient heat transfer
and tissue deformation, coupled with the electromagnetic wave propagation
equation, to describe the SAR profile, temperature distribution, tissue damage, and
tissue deformation. In the following section, a systematic investigation is conducted
to compare the bioheat and porous media approaches in terms of SAR distribution,
temperature profile, and tissue deformation in a liver cancer model during the MWA
process.



4.1 Model verification

This study conducted a validation of the numerical model to ensure the accuracy of
simulation outcomes for deformed liver cancer treatment using MWA. The validation
process involved comparing the numerical model's results with experimental data
reported by Yang et al. [12] under identical experimental conditions. For this
purpose, the microwave power input was set at 75 W with an operating frequency of
2.45 GHz. The initial temperature within the liver domain was set at 8 °C, with the
MCA inserted to a depth of 20 mm into bovine liver tissue, and the heating period

was fixed at 50 seconds.
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Figure 3. Validation of the tissue temperature by current study compare with experimental result

obtained by Yang et al. [12].

Figure 3 presents a comparison between the simulation results and the experimental
data from Yang et al. [12], specifically illustrating temperature variations at two
locations positioned 4.5 mm and 9.5 mm from the antenna over the heating duration.
The simulation results showed strong agreement with the experimental findings, as
reflected in the R squared values provided in Table 3. This comparison underscores

the precision and reliability of the numerical model.



Table 3. Comparisons of R-Squared of the liver tissue temperature between the presented model and
Yang et al. [12].

Position Comparisons of R-Squared with experiment from Yang et al.
Presented study Yang et al. (simulation model)

4.5 mm 0.91 0.92

9.0 mm 0.94 0.86

4.2 Electromagnetic wave propagation analysis

Electromagnetic wave propagation plays a crucial role in MWA treatments, as the
fundamental principle of MWA involves targeting the tumor with microwave energy
delivered through an antenna. The nature of wave propagation, influenced by
multiple factors, significantly affects the generation of localized heat during the
procedure. To enable a comprehensive investigation and comparison of deformed
liver cancer models treated with MWA using either the Pennes bioheat approach or
the porous media approach, a detailed analysis of electromagnetic wave propagation
is essential. In this study, electromagnetic wave propagation is characterized in
terms of SAR distribution, which quantifies the electromagnetic energy absorbed
within a localized region.
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Figure 4. SAR distribution in the deformed liver cancer model during MWA treatment at 10 minutes;
(a) The SAR profile of the model under the porous media approach, (b) The comparison of SAR
distribution of both models along the insertion depth line at the treatment time of 10 minutes.

Figure 4(a) presents the 3D SAR profile in a deformed liver cancer model subjected
to the porous media approach during MWA, after a treatment duration of 10 minutes.
This figure highlights the volumetric heating effect, a defining characteristic of the
MWA process. The microwave energy, emitted from the antenna, propagates
through both the tumor and healthy liver tissue, inducing localized heat generation
through dielectric heating. The SAR intensity is highest around the slot area and
decreases with increasing distance from the slot. The SAR profile pattern exhibits a
water droplet-like shape, with higher SAR values observed within the tumor
compared to healthy liver tissue. A comparison of 3D SAR profiles between the
Pennes bioheat approach and the porous media approach reveals similar overall
patterns; therefore, only a representative Figure 4(a) is provided for illustration.

Additionally, Figure 4(a) highlights the insertion depth line, which runs parallel to the
MCA and is positioned 2.5 mm from the antenna centerline. Figure 4(b) presents the
SAR distribution along the insertion depth line after a treatment duration of 10
minutes. This figure demonstrates that the SAR distribution patterns under both the
Pennes bioheat approach, and the porous media approach exhibit similar trends with
SAR values peaking around the slot area and decreasing with distance. The mean
absolute difference between the two models is calculated as 0.0785 kW per kg,
corresponding to approximately 6.72% in overall deviation. However, while the
overall SAR distribution patterns are comparable, differences in SAR magnitude
particularly in the peak SAR region are evident between the two models



The heat transfer characteristics of both models influence dielectric properties which
in turn impact electromagnetic wave propagation. Although both models in this study
are developed under identical assumptions regarding electromagnetic wave
propagation, the electrical conductivity and relative permittivity of healthy liver tissue
and tumor tissue are temperature dependent. Consequently, variations in SAR
distribution are observed between the models.

4.3 Heat transfer analysis

This section presents the heat transfer phenomena within the deformed liver cancer
models, comparing the porous media approach with the Pennes bioheat approach.
Temperature distribution, a key outcome of heat transfer analysis, is critical to the
effectiveness of MWA treatment. This study characterizes heat transfer in the
deformed liver cancer models through temperature distribution, which quantifies
thermal energy transfer within a specific region. For all examined cases, the
treatment duration was set to 10 minutes, emphasizing heat transfer as a
fundamental factor in achieving optimal treatment outcomes.
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Figure 5. Temperature distribution in the deformed liver cancer model during MWA treatment; (a)
Temperature profile and maximum temperature of the model under the Pennes bioheat approach at a
treatment time of 10 minutes, (b) Temperature profile and maximum temperature of the model under
the porous media approach at a treatment time of 10 minutes, (c) Isothermal contour line of 60°C for

the model under the Pennes bioheat approach, (d) Isothermal contour line of 60°C for the model
under the porous media approach, (e) Temperature distribution of both models along the insertion
depth line at treatment times of 1 and 10 minutes, (f) Temperature distribution of both models along
the slot centerline at treatment times of 1 and 10 minutes.



Figure 5(a) and (b) present the temperature profiles in the deformed liver cancer
models at a treatment duration of 10 minutes. Error! Reference source not
found.(a) illustrates the model using the Pennes bioheat approach, while Error!
Reference source not found.(b) depicts the model using the porous media
approach. In both models, the hot spot zone, located around the slot, gradually
decreases in intensity with increasing distance from the slot, mirroring the SAR
distribution. However, clear distinctions emerge between the two models. The hot
spot zone is larger in the Pennes bioheat model, and it also reaches a higher
maximum temperature compared to the porous media model, as demonstrated in the
figures. Additionally, when tissue deformation is considered, the Pennes bioheat
model exhibits greater expansion than the porous media model, even when applying
the same scale factor. These differences highlight significant variations in heat
transfer phenomena between the two approaches, demonstrating their impact on
treatment effectiveness over 10 minutes of heating.

This section also examines the isothermal contour of 60 °C in both models at 1
minute, 3 minutes, 5 minutes, and 10 minutes. Error! Reference source not
found.(c) represents the Pennes bioheat model, while Error! Reference source not
found.(d) illustrates the porous media model. The 60 °C isothermal contour is
selected as a threshold for tissue necrosis onset. The results indicate that the hot
spot zone is concentrated around the slot area, with the extent of the isothermal
contour and consequently tissue damage expanding with treatment time. However,
the two models display notable differences in the extent of the isothermal contour.
Specifically, the Pennes bioheat model exhibits a larger hot spot area compared to
the porous media model, with this discrepancy becoming more pronounced as
treatment time increases. This observation suggests that the heat transfer behavior
of the two models diverges more significantly over time.

Error! Reference source not found.(e) presents the temperature distribution along
the insertion depth line, as previously referenced in Figure 3(a). This result facilitates
a comparative analysis of both models at 1 minute, 5 minutes, and 10 minutes,
revealing that temperature distribution increases with heating time, with a hot spot
emerging around the slot center, consistent with the SAR distribution. The mean
temperature differences between the two models at 1 minute, 5 minutes, and 10
minutes are 1.0601 °C, 5.5744 °C, and 8.2195 °C, corresponding to 2.29%, 9.70%,
and 13.03%, respectively.

Similarly, Error! Reference source not found.(f) illustrates the temperature
distribution along the slot centerline, comparing the two models at 1 minute and 10
minutes. The results indicate that temperature distribution rises with increased
heating time, with a hot spot forming around the slot area. The mean temperature
differences between the two models at 1 minute, 5 minutes, and 10 minutes are
0.3692 °C, 2.9022 °C, and 6.0396 °C, corresponding to 0.88%, 5.99% , and 10.91%,
respectively.



The temperature distributions in Error! Reference source not found.(e) and (f)
clearly demonstrate that the discrepancy in temperature distribution between the two
models becomes more pronounced as treatment time increases. The difference
starts at approximately 1% to 2 % during the initial heating phase and expands to
approximately 10% to 13% by the end of the 10 minute treatment period, depending
on microwave power and treatment duration. This finding underscores the dynamic
nature of heat transfer during the MWA process.

Furthermore, these results provide insights into the underlying mechanisms of MWA.
At the early stage of treatment, heat transfer predominantly occurs through
conduction, resulting in similar temperature distributions across both models.
However, as treatment time progresses, the heat transfer mechanism in the porous
media model transitions from conduction dominated to a combination of convection
and conduction. Consequently, the convection term becomes increasingly influential
over time, leading to a more pronounced divergence in temperature distribution
between the Pennes bioheat model and the porous media model, particularly at
longer treatment durations.

4.4 Tissue deformation and tissue damaged analysis

Tissue deformation is a focal point of this study. As tissue temperature increases
during the MWA process, thermal expansion leads to tissue deformation. Moreover,
previous research has compared MWA models with and without deformation. Their
findings highlight a significant difference in temperature predictions between models
that incorporate deformation analysis and those that do not. This distinction
underscores the critical importance of including tissue deformation in the analysis.
This study emphasizes the role of tissue deformation analysis in models utilizing
both the Pennes bioheat approach and the porous media approach. Highlighting this
comparison is essential in demonstrating the fundamental role of accurate modeling
in achieving effective treatment outcomes.
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Figure 6. Von Mises stress and total deformation in the deformed liver cancer model during MWA
treatment; (a) Von Mises stress profile and maximum stress of the model under the Pennes bioheat
approach, (b) Von Mises stress profile and maximum stress of the model under the porous media
approach, (c) Total deformation profile and maximum deformation of the model under the Pennes
bioheat approach, (d) Total deformation profile and maximum deformation of the model under the
porous media approach, (e) Stress distribution of both models along the insertion depth line at
treatment times of 1 and 10 minutes, (f) Stress distribution of both models along the slot centerline at
treatment times of 1 and 10 minutes.

Figure 6(a) and (b) depict von Mises stress in liver cancer models over 10 minutes,
with Figure 6(a) representing the Pennes bioheat approach and Figure 6(b)
illustrating the porous media approach. Comparative contours at 1 and 10 minutes
show stress variations over time. The results indicate high stress levels appearing in
the tumor tissue near the antenna. A notable difference in stress distribution is
observed within the tumor domain between the two models compared to the stress
distribution in the healthy liver tissue. Furthermore, stress distribution increases with
treatment time, indicating that tissue deformation is closely linked to temperature
distribution during treatment. This connection highlights the interaction between
thermal effects and mechanical stress in MWA therapy.

Figure 6(c) and (d) show total deformation in liver cancer models under the Pennes
bioheat and porous media approaches over 10 minutes. Comparative contours at 1
and 10 minutes illustrate temporal changes. The results indicate an increase in total
deformation for both models as treatment progresses. Notably, maximum
deformation does not occur within the hot spot zone. This is due to the proximity of
the hot spot zone to the antenna, where the tissue is restricted from deforming
beyond the antenna due to the significantly higher mechanical properties of the
antenna compared to the surrounding tissue. However, as tissue temperature rises,
expansion occurs, leading to displacement in areas other than those adjacent to the



antenna. Consequently, maximum tissue deformation is observed not within the hot
spot zone but in adjacent areas, illustrating the spatial dynamics of tissue response
to increased temperatures during treatment. This phenomenon highlights the
complex relationship between thermal effects and mechanical constraints in
determining tissue deformation patterns.

Figure 6(e) presents the von Mises stress distribution along the insertion depth line,
previously introduced in Figure 4(a). This comparison enables an evaluation of both
models at 1 and 10 minutes of treatment, revealing an increase in von Mises stress
with treatment duration, particularly in the tumor region. The von Mises stress in the
model employing the Pennes bioheat approach is higher than in the model using the
porous media approach, with the difference becoming more pronounced over time.
The mean von Mises stress differences between the two models at 1 minute and 10
minutes are 0.238 Pa and 2.8853 Pa, respectively.

Figure 6(f) displays the von Mises stress distribution along the slot centerline,
comparing the two models at treatment durations of 1 minute and 10 minutes.
Consistent with previous findings, stress levels increase over time. Stress values in
the tumor domain are higher than in the healthy liver tissue, which can be attributed
to differences in mechanical properties between tumor and healthy tissue. However,
in this direction, the distinction between the models is less pronounced compared to
the stress distribution along the insertion depth line shown in Figure 6(e). The mean
von Mises stress differences between the two models at 1 minute and 10 minutes
are 0.1668 Pa and 2.2867 Pa, respectively.
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Figure 7.Transient data of the selected points in the deformed liver cancer models during MWA
treatment; (a) The transient temperature, (b) The transient stress, (c) The relation of stress to
temperature increase in the deformed liver cancer models, (d) The transient fraction of necrotic tissue
during treatment.

Figure 7(a) illustrates the transient temperatures at points P1 to P4 for both models,
with the r z coordinates of these points defined in Figure 7(c). The points are
designated as follows: P1 at coordinates five and twenty represents the tumor area,
P2 at 10 and twenty represents healthy liver tissue adjacent to the tumor boundary,
P3 at fifteen and twenty represents healthy liver tissue near the tumor, and P4 at
twenty and twenty represents healthy liver tissue distant from the tumor. The
transient temperatures at points P1 to P4 increase with treatment time, with P1
showing the highest increase, followed by P2, P3, and P4. The temperatures at P1
to P4 in the Pennes bioheat model are higher than those in the porous media model,
with the difference increasing over time.

Figure 7(b) presents the transient von Mises stress at points P1 to P4 for both
models, showing significantly higher stress values at P1 compared to the other
points. The von Mises stress at P1 ceases to increase after 2 minutes of treatment, a
trend consistent in both models. Additionally, the von Mises stress at P1 in the
porous media model is slightly higher than in the Pennes bioheat model. The mean
von Mises stress differences between the two models at P1, P2, P3, and P4 are
1.5264 Pa, 0.0637 Pa, 0.2833 Pa, and 0.2879 Pa, respectively.

Figure 7(c) illustrates the relationship between von Mises stress and temperature
increase at points P1 to P4 for both models, highlighting distinct behaviors between



the tumor site at P1 and the non-tumor points P2 to P4. At points outside the tumor,
an increase in temperature does not necessarily lead to an increase in stress, as
seen in P2 in the Pennes bioheat model. In contrast, within the tumor region, stress
increases with temperature, as observed at P1 in both models. However, when the
temperature increase exceeds approximately fifteen degrees Celsius, the stress at
these points no longer rises with temperature, as shown in Figure 7(c). Additionally,
P1 in the porous media model exhibits higher stress values than in the Pennes
bioheat model, consistent with findings from Figure 7(b).

Figure 7(d) illustrates the extent of thermal damage at points P1 to P4 within both
models, revealing significant differences in tissue response. In both models, P1
experiences complete thermal damage over the course of treatment, with the
Pennes bioheat model reaching full damage at P1 more quickly than the porous
media model. P2 in the Pennes bioheat model also undergoes complete thermal
damage but at a slower rate than P1 in either model. In contrast, P2 in the porous
media model does not reach complete damage within the treatment duration. This
demonstrates the distinct outcomes of thermal damage in liver cancer models
treated under the Pennes bioheat and porous media approaches, highlighting the
variability in tissue response to MWA therapy.

This study elucidates the differences in tissue deformation and damage in liver
cancer models treated under the Pennes bioheat and porous media approaches, as
represented by von Mises stress and total deformation metrics. The two models
exhibit distinct responses, with variations occurring not only between the approaches
but also across different regions within the same model. Initially, stress levels
correlate with temperature changes, but this relationship becomes more complex
over time, underscoring the intricate interplay between thermal effects and tissue
stress. This complexity highlights the critical role of selecting an appropriate heat
transfer model in treatment planning to minimize unnecessary damage while
maximizing treatment efficacy. These findings emphasize the importance of
understanding these complex interactions to enhance the precision and
effectiveness of MWA therapy.

5. Conclusion

This study conducts a comprehensive comparison of deformed liver cancer models
during MWA, contrasting the Pennes bioheat approach with the porous media
approach. The mathematical model integrates electromagnetic wave propagation,
heat transfer in biological tissue, tissue damage, and tissue deformation analyses. It
encompasses three domains: MCA, the tumor, and the healthy liver tissue. Utilizing
a single slot MCA, the model operates at a power of 10 W and a frequency of 2.45
gigahertz, with a uniform treatment duration of 10 minutes across all cases. The
numerical model is solved using FEM through COMSOL Multiphysics and is
validated against experimental results obtained by Yang et al. and through a mesh



independence test. To facilitate a clear comparison between models under the
Pennes bioheat and porous media approaches, this study investigates the SAR
distribution, temperature distribution, stress distribution, and tissue damage
distribution. The key findings are as follows:

1. Both the Pennes and porous media models assume identical initial
electromagnetic conditions, yet temperature induced changes in relative
permittivity and electrical conductivity lead to local differences in SAR
distribution. The porous media model exhibits slightly higher SAR values,
particularly near the antenna slot, leading to local variations of approximately
0.0785 kW/kg or 6.72% across the entire domain. Despite these differences,
both models produce a similar water droplet shaped SAR profile, with values
peaking around the antenna slot and gradually decreasing outward.

2. Temperature differences between the two approaches remain minimal in the
early phase of treatment, staying under 2% within the first one to two minutes.
However, as treatment progresses, the influence of convective effects in the
porous media model becomes more pronounced, causing the temperature gap
between the two models to widen to approximately 10% to 13% by the 10
minutes mark. The Pennes bioheat model consistently exhibits higher
temperatures, particularly in the hot spot region.

3. Peak von Mises stress values appear in the tumor region near the antenna and
increase with treatment duration. Stress differences between the models start
at approximately 0.2 to 0.3 Pa in the early stages and rise to over 2 Pa in the
tumor domain by 10 minutes. Maximum tissue deformation occurs in areas
adjacent to the antenna rather than directly within the hot spot region, due to
the mechanical constraints imposed by the antenna.

4. Tumor tissue, particularly at point P1, undergoes complete necrosis in both
models, though the Pennes bioheat model reaches this threshold sooner. In
contrast, in healthy tissue adjacent to the tumor at point P2, the Pennes model
also exhibits complete necrosis, while the porous media model does not reach
full necrosis within the same 10 minutes period. Across all evaluated points, the
necrosis progression is consistently faster in the Pennes model compared to
the porous media model.

These results demonstrate that the fundamental mechanism of MWA treatment lies
in swiftly generating localized heat using electromagnetic wave energy. Initially, both
models behave similarly due to the dominance of heat conduction. However, as
treatment time extends, the porous media model incorporates enhanced heat
convection, which, in combination with conduction, leads to significant differences in
heat transport and tissue deformation. This study confirms that tissue deformation
analysis significantly influences heat transfer, particularly in the deformed liver
cancer model using the porous media approach. The porous media model
demonstrates superior representation of heat transport and tissue deformation over
medium and longer durations. However, for short duration treatments, the Pennes
bioheat model remains a practical choice due to its simplicity and minimal
differences from the porous media model, facilitating easier implementation.



In future work, we aim to explore additional factors within the porous media approach
that may influence tissue deformation, including porosity, permeability, and the
implementation of the local thermal non equilibrium approach. It is hoped that this
study provides insight into the distinct phenomena observed in deformed liver cancer
models treated with MWA, particularly highlighting the differences in tissue
deformation between models utilizing the Pennes bioheat approach and the porous
media approach. Understanding these complex interactions will contribute to
optimizing MWA treatment strategies for improved clinical outcomes.
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Table

Table 1. The dielectric properties of a single-slot microwave coaxial antenna
(Keangin & Rattanadecho, 2013).

Properties Relative permittivity, & Electric conductivity, o.(S/m) Relative permeability u,

Dielectric 2.03 0 1
Catheter 2.1 0 1
Slot 1 0 1

Table 2. The properties of the healthy liver tissue, the tumor, and blood (Lopresto et
al. 2017; Trujillo et al., 2020; Tucci et al, 2022).

Properties The healthy liver tissue Tumor Blood
Relative permittivity, &, 57.55 62.44 -
Electric conductivity, g, (S/m) 1.95 2.18 -
Density, p (kg/m?) 1,0802 / 3700 10452/ 370° 10002 / 370°
Thermal conductivity, k; (W/m-K) 0.502 0.60 0.502

Specific heat capacity, C, (J/kg'K) 3,455/ 2,156 3,7602/2,156> 3,6392/2,156°

Blood perfusion, wy, (1/s) 0.0036 0.019 -

Elastic modulus, E (kPa) 0.6 20 -




2 Temperature below 100°C ® Temperature above 100 °C

Table 3. Comparisons of R-Squared of the liver tissue temperature between the
presented model and Yang et al. (Yang et al., 2007)

Position Comparisons of R-Squared with experiment from Yang et al.
Presented study Yang et al. (simulation model)
4.5 mm 0.91 0.92
9.0 mm 0.94 0.86
Highlights
1. Analyzed tissue deformation during MWA using Pennes bioheat and porous media
models.
2. Porous media model shows less tissue deformation compared to the Pennes bioheat
model.
3. Both models exhibit higher stress and displacement in the tumor area compared to
healthy tissue.
4. Differences in stress and deformation between models increase with longer treatment
times.

5. Tissue damage occurs faster in the Pennes bioheat model compared to the porous
media model.



