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ABSTRACT

Objective: This study examines the impact of magnetic hyperthermia on treating peritoneal metastasis and analyzes the
effect of coil geometry. The aim is to evaluate the efficacy of localized heating in eliminating cancer cells while preserving
healthy tissue, with a specific focus on the influence of coil geometry on magnetic nanoparticle hyperthermia for treating
peritoneal metastasis. Magnetic nanoparticles concentrate heat within the tumor, minimizing damage to surrounding
tissues.

Method: Magnetic nanoparticles FesOa were used to raise tumor temperatures to 42-46°C under an alternating magnetic field.
A numerical simulation based on the finite element method was conducted to assess the effects of coil geometry and tumor
location on heat transfer. The magnetic field distribution was calculated using Maxwell’s equations, while heat generation by
nanoparticles was determined through Rosensweig’s theory. The Pennes bio-heat transfer equation was then applied to
evaluate temperature distribution in both tumor and healthy tissues.

Results: The findings indicate that coil geometry significantly affects the distribution of the magnetic field, heat, and
temperature. Cylindrical, flat, conical, and inverted conical coils generate the lowest overall heat while ensuring even
distribution, leading to minimal temperature variations across the tumor. Therefore, these coils produce a more uniform
temperature distribution within gastric tumors and peritoneal metastases. Additionally, they achieve the therapeutic
temperature range required for cancer treatment. The temperature in healthy tissue remains around 37°C, confirming the
absence of damage. Therefore, the aforementioned coils are the most suitable for use in magnetic hyperthermia as a
treatment for gastric cancer and peritoneal metastasis.
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1. Introduction

Cancer remains one of the most significant
health challenges in recent years, posing a major
global concern. This complex disease occurs
when abnormal cells multiply uncontrollably in
the body. These cells can invade nearby tissues
and spread to other parts of the body through the
blood flow or lymphatic system, a process called
metastasis. When we say cancer is aggressive, it
means that cancer cells have invaded nearby
tissues or other organs in the body, leading to the
formation of cancer metastasis [1-3]. Usually,
peritoneal metastasis originates in another organ
and then moves to the peritoneal cavity.
Peritoneal cancer may originate from cancers of
the gastric, intestine, colon, uterus, ovaries, and
esophagus [4, 5]. Common cancer treatments
such as chemotherapy, radiotherapy, and surgery
are often used in combination to improve patient
outcomes. However, a major challenge with these
conventional methods is their inability to
selectively target cancer cells without harming
healthy tissues. The ideal cancer treatment would
be one that effectively destroys cancer cells while
minimizing damage to normal tissues. One
promising advancement in non-invasive cancer
treatment is hyperthermia, a technique that has
recently gained acceptance and approval. This
method involves controlled heating of tumoer
tissues to temperatures between 42-46°C,
leading to the destruction of cancer ' cells.
Hyperthermia is now being integrated with
conventional treatments and has demonstrated a
wide range of applications in medical science'[6,
7]. There are several methods to induce
hyperthermia. One approach involves the use of
magnetic nanoparticles. (MNPs) in combination
with an alternating magnetic field (AMF). In this
approach, MNPs act as localized heat sources,
increasing the . temperature of the tumor.
Thermal analysis and  precise temperature
distribution within the tumor and surrounding
healthy tissue are critical factors for the
effectiveness of . this treatment. Several
parameters influence this process, including the
frequency, intensity, and distribution of the
magnetic field; the properties of MNPs; tumor
location; and treatment duration [8-11]. While
numerous studies have investigated the use of
MNP-based hyperthermia for treating tumors in
various parts of the body [12-16], research on its
application for peritoneal metastases remains
limited due to various challenges and obstacles.
Addressing these challenges is crucial for
advancing treatment options for patients with
peritoneal metastases and improving their
prognosis.

Matsumi et al. studied the treatment of
peritoneal metastasis that had spread from

gastric cancer (peritoneal metastasis of gastric
cancer) experimentally and in the lab. The study
used a mouse model with peritoneal metastasis
cancer. For treatment, a hyperthermia method
was used with superparamagnetic iron oxide
(Fe304) nanoparticles (SPIONs). Finally, they
found that magnetic hyperthermia therapy
(MHT) is a more effective treatment for
peritoneal metastases than other treatment
methods. Based on this study, MHT could be used
as a new treatment option for peritoneal
metastasis [17]. In MHT, an induction coil is
required to generate an AMF. Therefore, coil
geometry directly influences the intensity and
distribution of the< magnetic field, heat
generation, and temperature distribution in the
body [18, 19]. Fig: 1 shows the types of coils used
in this study [20, 21].

Rouni et al. have investigated the safety of
magnetichyperthermia. _systems based on
nanoparticles, which use controlled heat to
destroy cancer cells in cancer treatment. This
research focuses on evaluating the safety of a
system that utilizes an AMF and MNPs to
generate ¢ heat. Practical experiments and
empirical data have been used to examine the
impact of this system on body temperature [22].

Chia et al. have investigated the effects of
hyperthermia and its combination with
intraperitoneal drug delivery in the treatment of
peritoneal metastases. Initially, the immune
status of the healthy peritoneal cavity and the
immune structure of peritoneal metastases were
examined. Then, the positive and negative effects
of hyperthermia and its heat shock response on
the tumor immune microenvironment were
analyzed.  Additionally, the impact of
hyperthermia on the biomechanical properties of
tumor tissue and its implications for immune cell
infiltration were studied [23].

In addition to SPIONSs, several other materials
have also been used in hyperthermia treatments.
These include various types of MNPs, such as
cobalt, nickel, and core-shell nanoparticles. Each
of these materials possesses unique properties
that make them suitable for inducing localized
heat when exposed to AMF. The choice of
material can influence factors such as heat
generation efficiency, biocompatibility, and
magnetic response, which are critical for
optimizing the treatment's effectiveness and
minimizing adverse effects [24-26]. In this study,
we used SPIONs because they are more effective
in treating peritoneal metastasis. According to
Matsumi et al.'s experimental findings, these
nanoparticles exhibit superior performance in
generating localized heat when exposed to AMF,
making them particularly suitable for targeting



metastatic tumors in sensitive areas like the
peritoneum. Their ability to selectively heat
tumor cells while minimizing damage to
surrounding healthy tissue enhances the overall
treatment effectiveness [17]. SPIONs to improve
thermal and magnetic stability and enhance
heating efficiency in hyperthermia treatment.
These nanoparticles offer greater safety,
reducing the risk of side effects such as clot
formation or accumulation in non-target tissues.
Moreover, they produce effective heat when
exposed to an AMF, making them ideal for cancer
cell destruction at controlled temperatures. Their
uniform dispersion in biological environments
also leads to better thermal distribution and
improved  therapeutic  efficiency.  These
characteristics make SPIONs a promising and
effective choice for magnetic hyperthermia
applications [27].

Recent research in hyperthermia has
examined the effects of different nanoparticle
shapes [28] and the combination of various
heating methods [29]. These studies highlight the
importance of optimizing coil design and
geometry in cancer treatment, which is
investigated in this study.

This study models MHT for treating gastric
cancer metastasized to the peritoneum, focusing
on the effects of tumor location and coil geometry
on achieving uniform temperature distribution.
The goal is to optimize coil design for enhanced
treatment efficiency using MNPs, ensuring
effective  cancer cell destruction. while
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minimizing damage to healthy tissue and side
effects for patients resistant to existing therapies.

The novelty of this study lies in the optimized
design of induction coils to enhance the magnetic
field distribution, thereby improving the overall
efficacy of MHT. By employing advanced
numerical modeling, this research precisely
simulates magnetic field interactions with
nanoparticles within biological tissues, enabling
more accurate predictions of treatment
outcomes. Modifications in coil geometry can
mitigate treatment-related side effects while
enhancing thermal targeting precision. This
innovation plays a crucial role in minimizing
collateral damage to healthy tissues through
refined coil design. Furthermore; this study
explores the application of MHT for peritoneal
metastases, demonstrating . its. therapeutic
potential in patients resistant to conventional
treatments.

The findings of this research hold significant
clinical implications, particularly in enhancing
the precision and effectiveness of MHT. By
designing coil geometries to optimize targeted
heat delivery to tumors while minimizing excess
heat in non-targeted areas, treatment side effects
can be significantly reduced, and treatment
accuracy can be improved. Beyond its application
in treatment planning for patients with

peritoneal metastases, this research provides a
framework for designing similar therapies for
other cancers, particularly those involving deep-
seated or abdominal tumors.

Fig. 1. Types of coils: (a) cylindrical, (b) flat, (c) hourglass, (d) sharp hourglass, (e) barrel, (f) sharp barrel, (g) conical, and
(h) inverted conical [20, 21].
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2. Mathematical Model

Fig. 2 is an image of the geometry of the model.
As can be seen, the model that was studied is a
two-dimensional (2D) model that includes an
induction coil, abdominal tissue, and a spherical
tumor in the gastric tissue that eventually

metastasizes into the peritoneum. Therefore,
AMF is applied to the target tissue (the tumor),
and the MNPs in the tumor act as a source of heat
generation.

L Healthy tissue

Fig. 2. View of the geometrical model used for MHT.

2.1. Model Assumptions

1. The system is linear, isotropic, and
stationary.

2. All materials are non-magnetic and‘have no
net electric charge except MNPs inside the tumor.

3. The displacement ~current density. is
neglected, and the electric current distribution
inside the coil is assumed to be uniform:

4. The system’ has rotational symmetry
around the z-axis.

5. The distribution of MNPs in the tumor is
uniform.

2.2. Basic Equations

-Induction Heating

In the process of induction heating, the
alternating current in the coil generates time-
dependent electromagnetic fields in the space
around the coil. When a workpiece or electrically
conductive object is placed in these fields, eddy
currents are generated, and the Joule effect (RI?)
causes heat to be generated [30].

-Heat Generated by MNPs

Heat generation by MNPs is obtained as
follows [31]:

27Z'f Tetf (1)

Py fH? 2 Tt
M (2t o, )

where P, ly, Yy, f, and H are the power

dissipation of MNPs per unit volume, the
permeability of free space, equilibrium
susceptibility, the frequency of the applied
magnetic field, and the magnetic field intensity,
respectively.

The effective relaxation time in (1), ¢ , can
be described as follows:

Tl

Tett = (2)
T4y

where Tg is the Brownian relaxation time,

Ty is Néel relaxation time.Tgis defined as
follows:
3,

Tg = KT (3)



where 17, Kg and T are the viscosity of the

suspension, the Boltzmann constant, and the
absolute temperature of MNPs, respectively.

V,, is the volume of MNPs without including
their shell. Because of the MNPs' spherical

3
volume, it is defined as V M= 7D’ /16 .

vV y is the volume of the MNPs with a shell. It

is defined as VH =7T(D -|-25)3 /6.

where D and O are the diameter of MNPs
and the thickness, respectively.
The equation for the Néel relaxation time is:

Nz exp()

TN = T TO \/F (4)

where Keﬁ is the anisotropy constant, g (

-9
7, =107S ) is the attempt time, and = KetVu_

KgT

The equilibrium susceptibility (}(0) in the
Langevin equation expresses it as follows:

Xo = Zi g(coth g_%) (5)

where Jjand ¢ are the initial susceptibility
and the Langevin parameter, respectively.

/i described as follows

X = ,u0¢M dw M /3K BT and £ explained as

follows:

Xo = Zi g(COthf—é) (6)

where Md and ¢ are the domain

magnetization “of suspended MNPs and the
volume fraction of MNPs, respectively.

To get the temperature distribution during
hyperthermia, using Pennes bio-heat transfer
equations for healthy tissue and tumor tissue, the
following relationships are used, respectively
[32]:

oT
plclg =V.(kVT )+ p,coa, (T, -T)+Q,.

(7)
oT

pZCZ E = V(k VT )—l—prbCl)D (Ta =T )+Qmet +P

(8)

where 01, 0,0, C1,Cy, Gy, kT T,

, @y, Qmet , and P are the tissue density, the

tumor density, the blood density, the specific heat
of the tissue, the specific heat of the tumor, the
specific heat of blood, the thermal conductivity of
the tissue, the tissue temperature, and the
arterial blood temperature, the blood perfusion
rate, the metabolic heat source, and the power
dissipation of MNPsper unit volume in'the tumor,
respectively.

The considered . boundary' conditions for
Pennes bio-heat transfer equations are as
follows:

1..0n the upper and lower boundaries of the

desired model, the heat flux is zero (ZL =0).
n

2: The temperature on the body surface is
considered to be 37 °C.

2.3. Solving the Equations

The finite element method has been used to
solve the equations presented in this study. An
irregular triangle mesh type is used to do
calculations. Fig. 3 shows a view of the mesh of
the studied system. The simulation is based on
human dimensions. In the studied model, after
injecting SPION into the tumor and achieving a
uniform distribution, the target tissue is placed in
an AMF by different coils. These coils consist of 9
rings with a circular surface and a thickness of 0.5
cm made of copper, which are designed with
different geometries, including cylindrical, flat,
hourglass, sharp hourglass, barrel, sharp barrel,
conical, and inverted conical (Fig. 4). For
peritoneal metastasis and stomach cancer, MHT
sessions usually last between 30 to 60 minutes;
however, in this article, the treatment time is a
fixed constant. This duration is based on the
thermal dose required to destroy cancer cells
(usually in the temperature range of 41-46°C)
and the tolerance of healthy tissues. However, the
exact treatment duration may vary depending on
the specific protocols of treatment centers and
the equipment used [33, 34].
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Fig. 3. Computational space (left-hand side) and its mesh for the computation (right-hand side).
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Fig 4. Different coil geometries: (a) cylindrical, (b) flat, (c) hourglass, (d) sharp hourglass, (e) barrel, (f) sharp barrel, (g)
conical, and (h) inverted conical.

In this study, the geometry dimensions of the equation, and magnetic and MNPs characteristics
model, the thermal characteristics of healthy and are presented in Table 1, Table 2, and Table 3,
tumor tissue used to solve the bio-heat transfer respectively.



Table 1. Geometry dimensions of the model.

Properties (characteristic) Value (cm)

Gastric radius 3.5

Peritoneal cavity radius 13
Muscles 3
Extraperitoneal fat and subcutaneous fat 1

Skin 0.4
Outer radius of the cylindrical coil 5
Inner radius of the cylindrical coil 2
Width of the flat coil 5
Thickness of the flat coil 2
Outer radius of the hourglass and sharp hourglass coils (at the widest 5

part)
Inner radius of the hourglass and sharp hourglass coils (at the narrowest 2
part)

Outer radius of the barrel and sharp barrel coils (at the widest part) 5
Inner radius of the barrel and sharp barrel coils (at the narrowest part) 2
Outer radius of the conical coil (at the widest part) 5
Inner radius of the conical coil (at the narrowest part) 2
Outer radius of the inverted conical coil (at the widest part) 5
Outer radius of the inverted conical coil (at the narrowest part) 2
Pitch of all coils 1

Coil length 20

Table 2. The thermal characteristics of healthy and tumor tissue used to solve the bio-heat transfer equation [35-38].

Parameters Blood SKkin Fat Muscle Peritoneum Gastric Tumor
Specific heat 3770 3391 2348 3421 3600 3690 3690
(J / Kg. K )
Density 1060 1109 911 1090 1055 1088 1088
3
(Kg /m*)
Thermal Conductivity 0.52 0.37 0.21 0.49 0.51 0.53 0.53
W /m.’K)
Blood perfusion - 0.05 0 0.00187 0.018 0.00187 0.002
rate (1/3 )
Metabolic heat - 368.1 368.3 1190 5000 1190 31872
W /m?)

Table 3. Magnetic and MNP ( Fe304) properties used in the simulation [10, 31-39].

Parameters Values Unit
M, 446 KA /m
K 9 kJ /m?

10-° S
To
o 1 nm
K . 1.38x10-23 J/K
D 19 nm
f 100 kHz
(7] 0/071 -
| 100 A




3. Results and Discussion

In this part, the results of magnetic field
intensity and distribution, induction heating, heat
generated by MNPs, and temperature
distribution for the treatment of a human model
of peritoneal metastasis cancer are presented.
First, the magnetic field distribution and
induction heating with different coil geometries
are shown. Then, heat and temperature
distribution in tumor and healthy tissue are
discussed. Finally, the geometry change of the coil
and its influence on the heat and temperature
distribution of the target tumor have been
evaluated. For calculations, two states are

considered for the location of the tumor: (a) the
state where the tumor is located in the gastric,
and (b) the state where peritoneal metastasis has
occurred.

3.1. Magnetic Field

In Figs. 5 and 6, the distribution of the
magnetic field intensity in the tumor is shown for
two locations of the tumor (gastric cancer and
peritoneal metastasis), respectively.



()
Fig. 5. Magnetic field distribution in the tumor (gastric cancer) by the coil: (a) cylindrical, (b) flat, (c) hourglass, (d) sharp
hourglass, (e) barrel, (f) sharp barrel, (g) conical, and (h) inverted conical.
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For all considered coils, although the
structure of the AMF inside the coils is different,
the structure of the AMF is almost the same
outside the coils. Because the studied parts
(healthy tissue and tumor) are located in the
inner space of the coils, we focus our attention
only on the structure of the AMF in the inner
space of the coils. The target tissue (workpiece)
tries to expel the components of the AMF from
within itself, thus making them more intense in
the space between the tissue and the coil than in
other places. In all coils, the magnetic flux is more
intense in the space between the ring and the
tissue than in other places. Also, due to the skin
effect, the magnetic field intensity on the surface
of the rings is always more intense than in other
areas, and this intensity decreases as we move
away from the surface of the rings [38]. As can be
seen in Fig. 5, in the state where the tumor is in
the gastric,c the magnetic field intensity
distribution by cylindrical, flat, hourglass, sharp
hourglass, barrel, and sharp barrel coils, in the
center of the tumor, and finally in the right and

left sides of the tumor, has its maximum value. In
the conical coil, the magnetic field intensity
distribution decreases from top to bottom, and
the maximum value of the magnetic field is at the
top of the tumor. In the inverted conical coil, the
magnetic field intensity distribution increases
from top to bottom, and the maximum value of
the magnetic field is at the bottom of the tumor.
In Fig. 6, in the state where the tumor has
metastasized in the peritoneum, in all the coils,
the distribution of magnetic field intensity within
the cancer tissue decreases from top to bottom,
and the maximum value of the magnetic field is
above the tumor. The percentage changes in the
magnetic field intensity by different coils in the
tumor are shown in Table 4. The resultsiindicate
thatas the percentage of magneticfield variations
increases, the ~magnetic field distribution
becomes increasingly non-uniform. This study
aims to achieve a uniform magnetic field
distribution; therefore, reducing the percentage
of field variations would positively impact our
performance.

Table 4. The percentage changes in the magnetic field intensity.

Type of coil Percentage changes in the Percentage changes in the magnetic
magnetic field in gastric cancer field in peritoneal metastasis
Cylindrical 0.9 0.9
Flat 0.5 1

Hourglass 6.7 4.4
Sharp hourglass 5.4 4.5
Barrel 6.7 4.3
Sharp barrrel 5.6 41
Conical. 1.4 0.5
Inverted conical. 1.4 0.2

3.2. Induction Heating

In this part, the heat generated by the eddy
currents (induction heating) in the tumor has
been calculated for all considered coils. Fig. 7
shows the distribution induction heating in the
peritoneal metastasis.

According to these figures, in the tumor, the
maximum amount of induction heating is located
on its outer surface. Induction heating changes
from the surface to the center of the tumor are

11

caused by the skin effect (a phenomenon that
causes a non-uniform distribution of alternating
current in the cross-sectional area of the
conductor) [40]. As can be seen, due to the skin
effect, the maximum amount of heat is on the
outer surface of the tumor, and as we move from
this level toward the center, the amount of heat
decreases. Also, the maximum heat generated on
the tumor surface due to the proximity effect (a
phenomenon that affects the heat distribution in
a conductor when it is in the vicinity of another
conductor) leads to hot points on the surface of
the tumor.
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Fig. 7. The distribution of heat generated by eddy currents in the peritoneal metastasis for the coil: (a) cylindrical, (b) flat,
(c) hourglass, (d) sharp hourglass, (e) barrel, (f) sharp barrel, (g) conical, and (h) inverted conical.
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3.3. Distribution of Heat Generated by distributed only in the tumor, so the heat

MNPs in Tumors

In this part, we assume that MNPs are
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generated by MNPs is only inside the tumor, and
this makes the tissue around the tumor remain

healthy.
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Fig. 8. Heat distribution in the gastric tumor for the coil: (a) cylindrical, (b) flat, (c) hourglass, (d) sharp hourglass, (e)

barrel, (f) sharp barrel, (g) conical, and (h) inverted conical.
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Fig. 9. Heat distribution in peritoneal metastasis for the coil: (a) cylindrical, (b) flat, (c) hourglass, (d) sharp hourglass, (e)
barrel, (f) sharp barrel, (g) conical, and (h) inverted conical.

cylindrical, flat, hourglass, sharp hourglass, sharp
hourglass, barrel, and sharp barrel coils, the
magnetic field intensity in the middle part of the
gastric tumor is higher than in the upper and
lower parts, so the maximum value of the heat
generated in the middle part of the gastric tumor



is located. However, in the conical coil, the
magnetic field intensity in the upper part of the
gastric tumor is higher than in the lower parts, so
the maximum value of the heat generated is in the
upper part of the gastric tumor. In the inverted
conical coil, the magnetic field intensity in the
lower part of the gastric tumor is more
intense than in the higher parts, so the maximum
heat generation is located in the lower part of the
gastric tumor. But when the tumor is in the
peritoneum, the magnetic field intensity in the
upper part of the peritoneal tumor is higher than
in its other parts in all the coils, so the maximum
heat generation is in the upper part of the
peritoneal tumor. From the comparison of the
heat generated by MNPs in the tumor (for both
gastric and peritoneum) by different coils, it can

be seen that the most heat is generated by the
hourglass, sharp hourglass, barrel, and sharp
barrel coils. Because in these coils, the magnetic
flux density (magnetic field distribution)
generated due to these coils is higher than in
other coils (the percentage changes in magnetic
field intensity in these coils are higher than in
other coils). In these coils, the rings are the
closest distance from the tumor compared to
other models, so the magnetic field intensity in
the tumor is higher than in other coils, and as a
result, more heat is generated in the tumor than
in other models. Since induction-heating has a
very small value compared to heat generation by
MNPs, the heat generated by MNPs in the tumor
can be considered total heat (Table 5).

Table 5. Total heat in gastric cancer and peritoneal metastasis.

Type of coil The heat of MNPs Induction heating The heat of MNPs Induction heating for
gastric cancer in for gastric cancer (W) in peritoneal peritoneal metastasis
w) metastasis (W) (W)
Cylindrical 11.9 1.7 <104 11.4 1.7 x10-4
Flat 7.9 1.2x10+4 7.1 1.1x104
Hourglass 14.8 2.4x104 14.2 2.2x104
Sharp hourglass 14.5 2.3x104 14.6 2.3x104
Barrel 13.9 2.2 x10+4 13.6 2.1x104
Sharp barrrel 13.8 2.3x104+ 13.7 2.2x104
Conical. 12.6 1.8x10+ 12.2 1.6 x10-4
Inverted conical. 12.6 1.8x10+4 12.2 1.6 x104

3.4. Temperature Distribution in the
Tumor and Tissue

As mentioned earlier, to obtain the
temperature distribution of the tumeor, the results
of the power dissipation of MNPs per unit volume
in the tumor (heat generation by MNPs) by
different coils have been entered as input in the
Pennes bio-heat transfer equations (Equations 7
and 8). Figs. 10 and 11 show the temperature
distribution in the gastric tumor and peritoneal
metastasis, respectively. Figures 12 and 13 show
the temperature distribution in the gastric tumor
and tissue, as well as in peritoneal and tissue
metastasis; respectively.

In all models, the maximum temperature
generated in the tumor is located on the axis of
symmetry (r = 0) and its central part. As we move
away from the central area of the tumor, due to
the transfer of heat to the healthy tissue and
other parts, the temperature of the tumor
decreases, so that the lowest temperature
generated in all the coils is on the surface of the
tumor and the boundary of its separation from
the healthy tissue (Figs. 10 and 11). The results
show that the temperature generated in the
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cylindrical, flat, conical, and inverted conical coils
has reached the desired therapeutic temperature
range of 41-46°C. The minimum temperature
difference between the central areas and the
surface of the gastric tumor is 4.9°C for the
cylindrical coil, 5°C for the conical and inverted
conical coils, and 1.5°C for the flat coil. In the
peritoneal tumor, the minimum temperature
difference between the central areas and the
surface of the tumor is 4.7°C for cylindrical,
conical, and inverted conical coils and 4.8°C for
flat coils. This indicates a more uniform
temperature distribution in the tumor (gastric
and peritoneal metastasis) caused by these coils.
However, in other coil geometries, the tumor
temperature does not reach this treatment
temperature range. In these cases, if the lowest
temperature is raised to 41°C (sufficient to begin
tumor destruction), the highest temperature
exceeds 47°C, causing damage to surrounding
tissues. Conversely, if the highest temperature is
limited to 47°C, the lowest temperature does not
reach 41°C, leaving parts of the tumor untreated.
These result in non-uniform temperature
distribution, reducing treatment effectiveness
and increasing risks to healthy tissues.
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Fig. 10. Temperature distribution in the gastric tumor for the coil: (a) cylindrical, (b) flat, (c) hourglass, (d) sharp hourglass,
(e) barrel, (f) sharp barrel, (g) conical, and (h) inverted conical.
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Fig. 11. Temperature distribution in peritoneal metastasis for the coil: (a) cylindrical, (b) flat, (c) hourglass, (d) sharp
hourglass, (e) barrel, (f) sharp barrel, (g) conical, and (h) inverted conical.
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Studies show that when the temperature
exceeds 45°C, tissue damage occurs and cell
death happens [41]. As observed, the
temperature at the center of the tumor is the
highest and decreases as one moves away from
the center of the tumor (due to heat transfer from
the surrounding tissue). The temperature in
areas far from the tumor is 37°C. The
temperature in the tissues surrounding the

tumor increases slightly, but this increase is not
enough to damage healthy tissue (less than 45°C).
This is a desirable feature of hyperthermia with
magnetic nanoparticles, which localizes the heat
and prevents damage to the surrounding tissue.
As can be seen, the temperature value in healthy
tissue is about 37°C, which indicates that the
healthy tissue is not damaged (Figs. 12 and13).
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Fig. 12. Temperature distribution in peritoneal metastasis and healthy tissue for the coil: (a) cylindrical, (b) flat, (c)
hourglass, (d) sharp hourglass, (e) barrel, (f) sharp barrel, (g) conical, and (h) inverted conical.
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Fig. 13. Temperature distribution in gastric tumor and healthy tissue for the coil: (a) cylindrical, (b) flat, (c) hourglass, (d)
sharp hourglass, (e) barrel, (f) sharp barrel, (g) conical, and (h) inverted conical.

For a better evaluation of the temperature
distribution and a better comparison of the
models, the curve of the tumor temperature
distribution on the axis of symmetry for the eight
coils used in this research is shown in Fig. 14. As
can be seen, the temperature distribution curves
of cylindrical, flat, conical, and inverted conical
coils were similar. In these models, the
temperature generated on the symmetry axis of
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the tumor is more uniform than in other models,
and their diagram has less curvature and more
symmetry. But in the hourglass and sharp
hourglass, barrel, and sharp barrel models, the
changes in the diagram are higher than in other
models, and the diagram has more curvature,
which indicates a more non-uniform temperature
distribution in these curves.
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Fig. 14. Temperature distribution in (a) a gastric tumor and (b) peritoneal metastasis for different coils.

4. Discussion and Validation with
Experimental Studies

The studies conducted by Matsumi et al. [17],
Rouni et al. [22], and Chia et al. [23] all highlight
the positive effects of magnetic hyperthermia
(MHT) in the treatment of peritoneal metastasis.
Their findings demonstrate that the use of
superparamagnetic iron oxide nanoparticles
(SPIONs) can increase tumor temperature,
enhance penetration into cancer cells, and lead to
a reduction in tumor size. Moreover,  this
approach enables localized targeting without
inducing systemic toxicity. The present study
corroborates these findings through numerical
simulations, showing that tumor location and coil
geometry significantly impact heat distribution
and treatment efficiency. Our results indicate that
optimizing these factors can considerably
enhance the effectiveness of hyperthermia
therapy. In this study, we successfully achieved
the therapeutic temperature range of 41 to 45°C,
which is sufficient for cancer cell destruction. The
study by Rouni et al. focuses.on the validation of
magnetic hyperthermia systems, employing a
combination of experimental measurements and
numerical modelingto analyze the distribution of
the alternating. magnetic field (AMF) and
temperature rise in the torso region of patients.
Their results, which show a strong correlation
between simulated and clinical data, further
validate the accuracy of our computational
models. These findings play a crucial role in
improving the design of magnetic hyperthermia
systems, enhancing treatment efficacy, and
ensuring patient safety. Additionally, the study by
Chia et al. examines the effects of hyperthermia
on the tumor immune microenvironment and the
biomechanical properties of tumor tissue. Their
findings suggest that elevated temperatures can
enhance immune cell infiltration into tumors,
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which may improve treatment outcomes. Our
study also confirms this effect.by comparing
clinical data with simulation results. Previous
studies, along with our findings, indicate that
magnetic nanoparticle hyperthermia is an
effective and safe treatment approach for
peritoneal metastasis. However, further research
is required to optimize treatment parameters,
assess its_impact on different cancer types, and
explore its integration with combination
therapies’ such as chemotherapy and
immunotherapy. Future studies should focus on
advanced numerical modeling, extensive clinical
measurements, and in-depth  biological
mechanism investigations to further refine and
enhance this therapeutic approach.

5. Conclusions

In this paper, the effect of different coil
geometries (cylindrical, flat, hourglass, sharp
hourglass, barrel, sharp barrel, conical, and
inverted conical) on the distribution of magnetic
field intensity, generated heat, and temperature
distribution in gastric cancer and peritoneal
metastasis during the MHT was investigated. The
system was solved using the two-dimensional
finite element method. The results obtained from
the numerical calculations of MHT showed that:

1. The magnetic field generated by different
coil geometries is non-uniform in different areas
of the tumor. The highest magnetic field intensity
is generated by hourglass, sharp hourglass,
barrel, and sharp barrel coils. The lowest
magnetic field intensity is generated by
cylindrical, flat, conical, and inverted conical
coils.

2.The heat generated in tumors by cylindrical,
flat, conical, and inverted conical coils has a more
uniform heat distribution than other coils. The

— inverted conical

= sharp hourglass



lowest generated heat is related to cylindrical,
flat, conical, and inverted conical coils.

3. In all cases, the highest temperature is in
the central area of the tumor. Also, the results
show that the tumor temperature field for
cylindrical, flat, conical, and inverted conical coils
had a more uniform temperature distribution
than other coils. The temperature difference all
over the tumor is less than in other models.

4. It was observed that in hourglass, sharp
hourglass, barrel, and sharp barrel coils, the
desired temperature for tumor destruction (i.e.,
41-46°C) cannot be reached. But in cylindrical,
flat, conical, and inverted conical coils, this
treatment temperature can be achieved.

5. The temperature value in the healthy tissue
was about 37°C, which indicates that the healthy
tissue is not damaged. Therefore, it can be
concluded that the use of cylindrical, flat, conical,
and inverted conical coils in MHT is more suitable
for the treatment of gastric cancer and peritoneal
metastasis (tumor in both positions) than other
geometries.

Nomenclature

P Power dissipation of MNPs per unit volume
Hy Permeability of free space

Ao Equilibrium susceptibility

f Frequency of the applied magnetic field,
H Magnetic field intensity

Tots  Effective relaxation time

Tg Brownian relaxation time

Ty Néel relaxation time

1 Viscosity of the suspension

K g Boltzmann constant

T Absolute temperature of MNPs

V M Volume of MNPs without including their
shell

V i Volume of the MNPs with a shell

D Diameter of MNPs
O Thickness of MNPs

Keff Anisotropy constant

/i Initial susceptibility
¢ Langevin parameter

M ¢ Domain magnetization of suspended MNPs
¢ Volume fraction of MNPs

P, Tissue density,

P, Tumor density

P, Blood density

C, Specific heat of the tissue
C, Specific heat of the tumor

C, Specific heat of blood

K Thermal conductivity of the tissue
T Tissue temperature

T a Arterial blood temperature
@, Blood perfusion rate

met Metabolic heat source
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