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Abstract

Introduction: Liver cancer is one of the most prevalent cancers worldwide, claiming over thousands of lives annually.
Various treatment methods have been employed, but each suffers from several shortcomings that challenge their
therapeutic efficacy. Nonetheless, Radiofrequency Ablation (RFA) has recently garnered significant attention from
medical professionals. Despite its effectiveness, this treatment approach presents a critical challenge: the unintended
penetration of heat into healthy liver tissues, particularly in the areas surrounding the tumor.

Objectives: How to add phase change material nanoparticles in the marginal areas and healthy liver tissue to prevent
unwanted temperature increases. For this purpose, a model of healthy tissues, the marginal area, and the liver tumour
were first simulated.

Methods: A radiofrequency antenna, designed and simulated as a probe, was utilized as a heat source in the tumor
region. By defining the appropriate parameters, the distribution of heat energy within each area was determined as an
electromagnetic and heat transfer problem for the software. The finite element method was employed to solve the
problem in the presence and absence of nanoparticles. The results were then presented in the form of thermogram
graphs.

Results: The findings revealed that the heat generated within the tumour effectively destroyed the cancer cells,
indicating a successful RFA process. However, the obtained thermogram demonstrated that thermal energy inevitably
penetrated the healthy tissue, particularly in the marginal area, causing an increase in temperature. Conversely,
examining the heat distribution pattern in the marginal and healthy tissues showed that using paraffin significantly
reduced the unwanted temperature increase. Even the temperature decreased to its natural value in areas distal to the
tumour centre.

Conclusions: In conclusion, nanoparticles, appear to effectively preserve healthy liver tissues while enhancing the
efficiency of liver tumour treatment during RFA. This, in turn, improves the therapeutic effect of RFA in liver tumour
management.
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1. Introduction difficulties in evaluating and comparing different

In the field of hyperthermia, there are differences and hyperthermia methods (3). Magnetic nanostructures

_— . . used for hyperthermia can be paramagnetic or
contradictions among studies regarding the level of yp P &

. . ferromagnetic, exhibiting magnetic properties without
temperature, the duration of heating, and the number J § mag prop

. . . . . the presence of a field, and magnetic nanoparticles
of heating sessions in this method, and there is no P g P

- . . . such as iron oxides have magnetic spins all aligned; a
unified protocol in this regard, which has led to & P &

variable magnetic field can provide the necessary
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energy to misalign magnetic spins in the
nanostructured material. This magnetic energy, when
released, can be converted into thermal energy
because to realign magnetic spins, this energy can also
physically rotate nanostructures, which the resulting
thermal energy is used to generate heat within the cell
(4). Also, the friction generated by the rotation of
magnetic nanostructures in a fluid with high viscosity
and density until reaching a physical equilibrium state
can create heat. Therefore, the method of generating
heat by a magnetic fluid for cancer treatment involves
directly injecting a magnetic fluid carrier containing
magnetic nanostructures into cancerous tumour, when
the patient is placed in a variable magnetic field with
frequencies close to radio signals, in which case
magnetic nanoparticles generate heat and destroy the
cancerous tumour. Also, methods using laser,
microwave, or ultrasound to generate heat in tissue are
used (5). One of the magnetic nanostructures that has
received attention in recent years is cobalt ferrite. Its
suitable physical, chemical, and magnetic properties, as
well as important features such as high permeability,
low magnetic losses, shape change due to
magnetization, as well as mechanical hardness and high
chemical stability, are among the characteristics of
cobalt ferrite (CoFe204) (6). Studies on cell cultures
outside the body as well as results obtained from
induced cells inside the body have provided convincing
justification for the clinical application of hyperthermia.

Results from clinical studies have provided new insights
into the mechanisms of hyperthermia and cancer
treatment (7). One hypothesis is that hypoxia, which is
caused by an increase in the pH of the tumour area,
creates resistance in tumour areas sooner than
expected due to their high sensitivity to hypoxia (7). In
a study by Dewey et al. (8), it was reported that
hyperthermia treatment has two main advantages in
cancer treatment. Firstly, in the cell cycle, the S phase
usually shows resistance to radiation. However, this
phase is most susceptible to heat. Therefore, a
combined approach of radiation therapy with
hyperthermia is more effective. Another advantage is
that hyperthermia is necessary to kill cancer cells that
have become hypoxic due to radiation therapy.
However, clinical application of these methods has its
challenges, including determining the optimal
temperature and time for using this combined
approach, and another issue in local hyperthermia is
damage to adjacent tissues, which always needs to be
addressed. Many studies have been conducted in the
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field of modelling cancer tissue hyperthermia from a
heat transfer perspective. In most past studies, it was
assumed that the distribution of nanoparticles inside
the tumour is uniform. Attar et al. (9) reported on the
investigation of tissue temperature distribution under
magnetic fluid treatment, assuming a non-uniform
distribution of nanoparticles inside the tumour,
demonstrating that the tissue temperature profile is
observable. Also, the thermal effect of magnetic fluid in
the liver tissue of a pig was experimentally examined.
In that study, the Penn bioheat transfer equation was
solved for a non-uniform distribution of nanoparticles
inside cancer tissue exposed to an AC magnetic field.
The results clearly showed the importance of
nanoparticle distribution in tissue. Even a slight
tendency of nanoparticle concentration from
cancerous tissue towards healthy tissue can
significantly increase the likelihood of damage to
healthy tissue. Another hyperthermia method that
modelling can help improve is RFA method.

Another type of hyperthermia method that has been
modelled is laser therapy. Laser therapy can be
performed alone or by delivering nanotubes or
nanoparticles into the tumour to enhance the laser
effect, for which models have been developed for both
cases. He et al. (10) worked on modelling laser therapy
by considering changes in blood flow rate and
distribution of partial oxygen pressure (PO2). Their
study aimed to investigate changes in blood flow rate
and distribution of partial oxygen pressure in human
tumour during laser therapy by simultaneously solving
two numerical models during laser therapy. A two-
dimensional thermal model of the human chest with a
tumour inside it was prepared. Blood circulation inside
the chest was modelled by a one-dimensional nonlinear
fluid flow equation. PO2 distribution inside the
capillaries, tumour vessels, and surrounding tissue was
provided by the Krogh's analysis model. Finally,
changes in the average temperature of a tumour, blood
flow, and PO2 during heating with lasers were
calculated by simultaneously solving models of blood
circulation, finite heat elements, and oxygen transport.
Rossi et al. (10) modelled laser therapy using nanotubes
with the help of COMSOL software in 2012.
Photothermal therapy with gold nanorods (GNRs) is a
new minimally invasive treatment method for cancer
tissues. For designing appropriate settings and
conditions, it is important to investigate the thermal
effects occurring around nano particles (in a nano-sized
model). In this study, this investigation was conducted
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for the vicinity and inside cancerous tissue (in a micro-
sized model). A two-dimensional temperature-
dependent model of this photo-thermal interaction
was designed. A cross-sectional area of gold nanotubes,
which was considered as the absorber, was used to
calculate the optical absorption of the gold nanotubes.
Subsequently, the bioheat transfer equation was
applied to describe the photothermal effect between
the gold nanotubes and the environment. The results,
after processing, can assist in calculating the safe and
probable temperature range and treatment duration
for the complete destruction of the tumour. Hatami et
al. (11) employed cobalt graphene nanoparticles for
hyperthermia and MRI diagnosis. In this study,
composites were synthesized chemically. Graphene
oxide was considered as the base material, and cobalt
nanoparticles with a size of 15 nanometers were
deposited on graphene sheets, showing that the
concentration of cobalt in the nanocomposite is
approximately 80 percent. Additionally, the toxicity of
the graphene/cobalt nanocomposite was investigated.

2. Objectives

Recent studies indicate that liver cancer is among the
most common cancers globally. Traditional treatments,
including surgery, radiotherapy, and chemotherapy,
often face considerable difficulties. These include the
risk of infections, high costs, low success rates, the
likelihood of cancer spreading to other organs such as
the intestine and gallbladder, and extended recovery
times. In light of these significant issues, RFA has gained
attention as a potential treatment option for liver
cancer. However, a key concern with this method is its
ability to target the cancerous tissue while safeguarding
the healthy liver tissue, particularly hepatocytes, from
excessive and unintended temperature rises. To tackle
this major challenge, this study explores how phase
change materials (PCMs) can prevent temperature
increase in healthy tissue during RFA, this point is the
novelty of this study. To gain a deeper understanding of
how these materials function, the problem was
modelled using COMSOL Multiphysics simulation
software, and the solution was derived through
numerical analysis.

3. Methods

The liver tumour region was modeled as a sphere with
a diameter of 30 mm, while radius of the liver tissue is
140 mm. Previous research (28,29) affirmed that the
chosen size for the liver region was sufficient. Two RF
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probes, one featuring a positive electrode and the
other a negative electrode, each withar=1cm and an
active length of 30 mm, were vertically placed through
the tumour at a specified distance from the tumour
region. Both probes were introduced through the
tumour, with a 1 cm gap between them. In Figure 1, the
3D model of the liver and tumour is illustrated,
including the geometric depiction of the gap. PCMs are
introduced into cancer cells. The model simulation is
conducted in an axisymmetric manner, acknowledging
axial symmetry within the thermal domain. Following
certain assumptions and simplifications outlined in
subsequent sections, the asymmetric model is
employed to examine the proposed method in this
investigation.
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Fig. 1 3D (a) and axisymmetric (b) models used in
the RFA cancer ablation method proposed in this
study.

The complexity of RFA lies in the combined effects of

electrical potential distribution,  temperature
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distribution, and the formation of thermal coagulation
within tissues. RFA involves an electrical current with a
frequency ranging from 350 to 500 kHz. As a result, the
characterization of the electrical potential distribution
in RFA can be achieved through the following Equations
(28):

V.(c.V$) =0 (1)

where 6 and ¢ represents the electrical conductivity
and potential of the tissue, respectively. Equations (3)
and (4) are temperature variation in tissue and
Arrhenius damage equations and are expressed as (28):

oT (2)
peor = V. (kVT) + wppc, (T, — T)

+ o|Vo|?

A (3)
dt - e(AE/RT)

where p, ¢, and T are tissue density, tissue specific
heat, and tissue temperature. Superscript b denotes
arterial. The symbol  is utilized as a parameter to
measure the degree of thermal coagulation within the
tissue. A denotes the frequency factor, E represents the
activation energy arising from an irreversible thermal
energy damage reaction, and R is the universal gas
constant. The specific values for the constant
parameters mentioned in Equations (1-3) and the
material properties assigned to the tissue are derived
from the findings presented in (28,30). In the course of
RFA, the temperature in the vicinity of the RF probes
may rise above the boiling point of water.
Consequently, the water within the tissue undergoes
vaporization, impacting the heat transfer dynamics
within the tissue. Terms of pc and k are dependent on
T,, (upper vapourisation temperature of blood) and T},
(lower vapourisation temperature of blood) (28). The
assumption is made that the electrical conductivity
(6(T)) increases with temperature. Coagulation-
dependent blood perfusion and impedance-controlled
ablation are estimated for the model simulated in this
study based on the results of the work of Yap et al. (28).
The electrical conductivity model used in this study is
based on the reference (29).

A heat capacity model is employed to analyse the
impact of substances undergoing phase change within
healthy tissues. Ceq,keq shows the equivalent heat
capacity and thermal conductivity used for PCM in
calculations based on the reference (29). It is essential
to compute the thermal equivalent properties for
healthy tissues following the injection of PCMs due to
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the alterations in the thermal characteristics of PCMs
(26). a represents the volume fraction of PCMs within
the healthy tissue region. The study utilises the
equivalent heat capacity method (26) to examine the
impact of PCMs in healthy tissues.

Table 1 shows the properties of liver and liver tumour
tissues and PCMs. Main assumptions are based on
PCMs that all PCMs consist of uniformly dispersed
spherical particles with identical radius within the
region of healthy tissue (26). The transition from solid
to liquid phase for PCMs occurs within the temperature
range mentioned in Table 1. There is no alteration in
volume during the phase change process of PCMs (26).

Table 1 Material properties of tissues and PCM used

in this study.
Parameter Value
p 1060 X&/
k 053 W/
Liver c 3500 ]/kgK
o 0.35 S/
A 739
£10%7 1/
p 1060 K&/
k 053 W/
Tissue c 3500 ]/kg K
o 0.57 S/m
wp 0.002 1/

To conduct mesh convergence analysis, the model is
solved with varying numbers of elements as shown in
Fig. 2. Given the significance of the temperature at the
tumour center, this parameter is investigated across
different element numbers. The simulation is carried
out, assuming for the initial t=100s, and the
temperature is recorded at the tumour's central point.
The number of 22745 elements is identified as the best
model.
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Fig. 2 Mesh convergence analysis.

4. Results

For the validation model, a tissue without cancerous
liver tumour is considered. The temperature at the
center of the tissue is compared with that of the
reliable reference (28). The physics incorporated into
the dual-probe bipolar RFA model developed in this
study underwent validation by comparing with the
results of (28) as shown in Fig. 3. The RF probes' active
length was set at a constant 30 mm. Initial tissue
temperature and outer boundary were established at
18 °C. Further properties are based on the data given in
Table 1.
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Fig. 3 Model validation by comparing the
temperature in the center of the liver tissue of the
model with that of the Yap et al. (28).

In this research, PCMs have been utilized to control the
temperature of healthy cells surrounding cancerous
tissue during the elimination of cancer cells. By
calculating the temperature contour energy equations
in the cancerous tumour and its surrounding
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environment, evidence of temperature control using
phase-changing agents has been obtained. In Fig. 4, the
contour of electric potential around the probe is
shown, the electric potential leads to temperature
increase through the cancerous tissue as well as
healthy tissue.
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Fig. 4 Electric potential around the probe.

Fig. 5 shows the contour of the temperature
distribution for different times from t=0 min to t=10
min.
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Fig. 5 Temperature distribution in cancerous liver 4
tumour at t=0-9 min. -

—With PCM

a —Without PCM

By using PCMs around cancerous tumour, the
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method for destroying cancerous liver tumour while
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temperature range using PCMs. This decrease plays a
crucial role in minimizing tissue damage during the
release of heat in cancerous liver tumour due to the
RFA probe. Additionally, the influence of PCMs on
tissue temperature distribution shows an increase over
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