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Received: Magnetic hyperthermia is a highly effective tumor therapy that utilizes the heat generated by activating
8 May 2025 magnetic nanoparticles with an alternating magnetic field. In this paper, to minimize the risk and optimize
Revised: the therapy, we have conducted a simulation of magnetic heat generation in a three-layer skin medium with
11 June 2025 . . . . . .

Accepted: an elliptical tumor to treat skin cancer using the FezO4 magnetic nanoparticles. The model incorporates
24 June 2625 Darcy’s Law and Brinkmann model, the transport of diluted species, and Pennes’ bio-heat transfer equations
Published online: within COMSOL Multiphysics software. The simulation accounts for the injection, diffusion, and induced
30 June 2025 heat generation of magnetic nanoparticles after exposure to a magnetic field. The simulation results show

that the nanoparticles dispersed in the tumor after 24 hours, and the center of the tumor was destroyed after
being exposed to the magnetic field with amplitude of 3.5 kA/m and frequency of 400 kHz for 1000 seconds.
Also, the study investigated the effects of different temperature discretization methods, damage models, and
temperature-dependent blood perfusion rates on tumor tissue damage. The results obtained from this study
can provide valuable insights for optimizing various parameters of the thermotherapy procedure, such as
exposure time, frequency and amplitude of applied magnetic field, and nanoparticles variables.
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1. Introduction

Cancer is a dangerous disease with no specific cause or
definitive cure [1]. While chemotherapy is the most ef-
fective way to treat cancer, it does not guarantee a 100%
success rate [2]. Ablative therapies, such as radiation ther-
apy, can also cause cell damage. Unfortunately, these treat-
ments often come with serious side effects, including hair
loss, nausea, infertility, nerve damage, and general patient
discomfort [3]. To address these challenges, hyperthermia
has emerged as a potential therapeutic strategy for cancer
treatment [4—6]. The goal of hyperthermia is to raise the
temperature of the tumor to a sustained level above 42 °C
[7]. This elevated temperature induces cancer cell death
while minimizing damage to normal tissue [8, 9]. Hyper-
thermia offers the potential for non-invasive treatment with
fewer side effects, making it an attractive approach for fur-
ther research and development [10].

Hyperthermia can be generated using various irradiation
methods, including ultrasound [11], radio frequencies [12],

microwaves [13], infrared [14], lasers [15], and magnetic
fields [16]. Among these methods, magnetic hyperther-
mia has shown efficiency in generating heat by utilizing
magnetic nanoparticles (MNPs) in the presence of an al-
ternating magnetic field (AMF). This approach involves
delivering a liquid containing MNPs into the tumor and
using a weak AMF to induce enough heat. To accurately
predict the changes in temperature during magnetic hyper-
thermia therapy, it is important to develop reliable numerical
models. These models can provide quantitative estimates of
temperature distribution in the ferrofluid system. The relia-
bility of the numerical model can be validated by comparing
the temperature distribution obtained through experimental
measurements with the results of the numerical analysis
based on the finite element method [8, 17, 18].

Recent advancements in nanotechnology have contributed
to the development of MNPs with various medical appli-
cations, including drug delivery [19], vascular imaging
[20], and cancer therapy [21]. The synthesis of MNPs
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can be achieved through different methods, including top-
down (mostly physical) and bottom-up (mostly chemical)
approaches [22].

Superparamagnetic iron oxide nanoparticles (SPIONs) such
as magnetite Fe304 and maghemite y-Fe,O3 are commonly
used MNPs for injection into human tissues [23]. The heat
dissipation mechanism in magnetic hyperthermia results
from the energy loss caused by overcoming the rotational
energy barrier under the AMF. The size of the superpara-
magnetic nanoparticles is smaller than the single-domain
range, which means that under the AMF, the magnetization
rotation must overcome the friction between the easy axis
and the atomic lattice in the case of Neel relaxation, or
between the MNP and its surroundings in the case of Brow-
nian relaxation. Neel and Brownian relaxations result in the
release of electromagnetic energy Losses which generate
heat energy. The only difference between ferromagnetic and
superparamagnetic single-domain NPs is that the latter ran-
domly change the magnetization direction and are devoid
of remanence and coercivity due to thermal fluctuations
on the time scale of quasi-static magnetism measurements
[24-26].

In addition to Fe3O4 nanoparticles, several other mag-
netic nanoparticles have been extensively investigated for
magnetic fluid hyperthermia due to their superparamag-
netic behavior, low toxicity, and thermal special properties.
CoFe;04 nanoparticles, for example, are more coercive
and magnetically anisotropic than Fe3Oy4, which can lead
to generation of greater heat under an alternating magnetic
field [28, 29]. MnFe,0O4 nanoparticles are also of interest
in terms of their low toxicity, good biocompatibility, and
tunable magnetic properties, which make them appropriate
for biomedical applications [30]. Moreover, FePt nanoparti-
cles are also found to have good thermal stability and high
magnetic anisotropy, and hence superior specific absorption
rate (SAR) performance, which is crucial for efficient tumor
heating [31]. Nonetheless, NiFe,;O4, despite being mag-
netically strong, increases biocompatibility concerns that
may limit its clinical applications [30]. Though Fe;Oy is
a well-established and biocompatible material, these other
nanoparticles offer promising avenues for enhancing hyper-
thermia therapies and deserve more comparative research.
Computational modeling in the field of MNP hyperthermia
is crucial for advancing the understanding, optimization,
and safe implementation of this therapeutic modality. This
approach allows researchers to simulate and predict the
behavior of MNPs under the influence of an external alter-
nating magnetic field (AMF) and assess their potential for
therapeutic applications. Wang et al. [32] provides further
insights into the significance and applications of mathemat-
ical modeling in this field. They evaluate the heat effects
resulting from the dissipation of electromagnetic energy and
the emission of thermal radiation from the ferrofluid system
to the surrounding environment during the process of mag-
netic fluid hyperthermia. Manshadi et al. [33] developed a
model of a four-layer structure of arterial tissue, consider-
ing porosity parameters and the interaction of particles with
the tissue wall. Their findings indicated that increasing the
size of particles/drugs/cargo enhances their retention in the
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tissue. Chanmugamet et al. [34]. presented a quantitative
thermal analysis of breast cancer using a 3D computational
model of the breast. By combining computational mod-
eling with thermographic imaging and dynamic cooling,
they demonstrated the potential of quantifying temperature
distribution as an important tool for early breast cancer de-
tection. Eagle et al. [35] utilized COMSOL Multiphysics
software and the finite element method (FEM) to model a
tumor as a sphere surrounded by normal tissue. They inves-
tigated nanoparticle heat production within the tumor under
a weak magnetic field after the diffusion of nanoparticles.
By monitoring the transient temperature profile of the tissue,
they assessed the extent of damage to both the tumor tissue
and the surrounding healthy tissue. These studies highlight
the valuable role of computational modeling in optimizing
magnetic hyperthermia treatments. By simulating the injec-
tion and diffusion of MNPs, as well as the thermal effects
on tissue, these models contribute to improving treatment
outcomes while minimizing risks. Suleman and colleagues
[5] explored the use of magnetic nanoparticles for treating
breast and brain tumors and found that stronger magnetic
fields and frequencies led to higher tumor temperatures.
Further investigations on the use of diluted nanoparticle
solutions showed that tumor damage extent depended on
heating duration and nanoparticle distribution within the tu-
mor. They highlighted magnetic fluid hyperthermia (MFH)
as a promising hypertherapeutic method targeting tumors
specifically without harming surrounding normal tissues
sensitive to heat [36].

The review of the literature highlights the need to inves-
tigate the effects of various factors on simulation of skin
tumor tissue damage during magnetic fluid hyperthermia.
This includes examining Darcy’s Law and Brinkmann’s
model, different damage models, temperature discretiza-
tion methods, and temperature-dependent blood perfusion
rates, as well as optimizing procedure parameters like expo-
sure time, frequency and amplitude of the applied magnetic
field, and nanoparticle variables. So, in this study, we have
proposed a modeling approach using the COMSOL Multi-
physics package to investigate the treatment of skin tumors
using magnetic hyperthermia. The goal is to optimize the
procedure by studying the injection process, diffusion of
magnetic nanoparticles (MNPs), and heat production. To
model the skin tumor treatment, a three-layered human skin
was represented using a two-dimensional, axisymmetric
geometry. The model allows for the simulation of the in-
jection process, where MNPs are introduced into the tumor
region, and the subsequent diffusion of these particles. The
heat production resulting from the interaction between the
MNPs and the alternating magnetic field (AMF) is also in-
cluded in the model. By varying parameters such as the
AMF amplitude and frequency, nanoparticle concentration,
maximum temperature, heating time, damage models, tem-
perature discretization, and temperature-dependent blood
perfusion rates, we aim to optimize the treatment by achiev-
ing an optimal extent of tissue necrosis while minimizing
damage to healthy tissue. The COMSOL bio-heat model
is a suitable tool for analyzing heat transfer in tissues and
other living organisms. It provides a comprehensive solu-
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tion for studying thermal effects in therapeutic applications.
The integration of magnetic hyperthermia with bio-heat
transfer modeling offers a novel approach to non-invasive
and targeted skin cancer therapy. This combination has
the potential to provide a more precise and effective treat-
ment option, potentially reducing the need for more invasive
procedures.

2. Simulation methods

The research involved creating a model of human skin with
three layers: The epidermis, dermis, and subcutaneous tis-
sue. Each layer had specified thicknesses of 0.05 mm, 1.20
mm, and 8.75 mm, respectively, from top to bottom. The
tumor was approximated as an ellipse that spanned all three
layers, measuring 2 mm in height and 5 mm in length. To
simulate the skin model, a two-dimensional, axisymmetric
geometry was employed in COMSOL Multiphysics®). The
skin model was represented as a rectangular shape, with
dimensions of 20 mm in length and 10 mm in height (as
indicated in Fig. 1a and 1b). The injection of nanoparticles
was performed using a 29-gauge needle [31].

In the simulation setup, the electromagnet is positioned par-
allel to the skin surface, allowing the magnetic field lines
to pass through the skin and interact directly with the tu-
mor. This configuration facilitates the targeted heating of
the tumor region while minimizing damage to surrounding
healthy tissue.

The bio-heat parameters for the modeled tissue, including
the skin layers and the tumor, were documented in Table 1,
as referenced in [4, 27].
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After creating the geometry and defining the thermo-
physical properties of the tumor and skin layers, the proce-
dure of magnetic hyperthermia therapy was conducted in
four steps.

Firstly, the nanoparticle fluid was injected into the tumor
using Darcy’s Law, which took approximately 15 minutes.
Secondly, the dispersion of the nanoparticles into the tumor
was allowed for approximately 24 hours, using the Trans-
port of Diluted Species physics. Next, a magnetic field was
activated for around 17 minutes, resulting in the transfer
of heat from the magnetized nanoparticles to the tumor.
Finally, once enough heat was transferred and the desired
temperature for necrosis was achieved, the temperature was
sustained for a period of time.

For an accurate calculation of the bio-heat transfer phe-
nomenon from an engineering perspective, the time-
dependent equation of Darcy’s Law was utilized in the first
step. The formulation of Darcy’s Law is as follows:

P,

5 (PEp) +V - (pu) =0 (1
k

=_——_VP 2

u m 2

where p, €, k and U represent the nanoparticle fluid density,
tumor porosity, tumor permeability, and nanoparticle fluid
dynamic viscosity, respectively. The approximated fluid
properties can be found in Table 2 and 3.

To establish the boundary conditions, the initial pressure
value outside the regular tissue was assumed to be zero, as it
was considered far enough from the nanoparticle injection

$0.05 mm
H‘ZQ 1.20 mm
4 mm 0.33 mm
5 mm 8.75 mm
10 mm
20 mm
(b)

Figure 1. (a) Schematic diagram of an ellipse tumor encased by normal tissue, with a needle for injection of nanoparticle fluid into the center of the tumor
and an electromagnet to apply the magnetic field, (b) geometrical model of skin layers and tumor with specified dimensions.

Table 1. Symbols and thermo-physical properties of tumor and three layers of skin [4, 27].

Density [kg/m?] con ducrtrik\lz?tr}rfn[gsv /mK] Heat capacity [J/(kg-K)] Bloiifﬁsl:]s ion
Epidermis 1200 0.21 3598 0
Dermis 1000 0.37 3222 0.00125
Subcutaneous tissue 1000 0.16 2760 0.00125
Tumor 1100 0.55 4200 9.1x107*
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Table 2. Parameters of Fe3O4 nanoparticles.

Parameter Value Ref.
Nanoparticle diameter 8 nm [8, 37]
Nanoparticle density 5.24 x 10° [g'm3] [8, 37]
Nanoparticle heat capacity 670 [J/(kg-K)] [8, 37]
Nanoparticle fluid dynamic viscosity 0.001 [pa/s] [8, 37, 38]
Nanoparticle fluid viscosity 0.001 [pa-s] [8, 37]
Magnetocrystalline anisotropy constant 9 [kJ/m?] [8,37]
Average relaxation time in response to thermal fluctuation 10 X 1079 [s] [8, 37]
Domain magnetization 4.46 x 107° [Gauss]  [8, 39]

site. (Due to the minimal fluid flux out of the tumor tissue,
the lymphatic pressure in the tumor domain was considered
negligible. Therefore, we adopted a constant, near-zero
value for lymphatic pressure in normal tissue, as reported
in the literature [38, 41]). Additionally, due to symmetry,
the pressure gradient beneath the needle injection site was
set to zero. For all boundaries except the needle tip, no
flow was taken into account. However, at the tip of the
needle, an inward mass flux of 0.189 kg/(m?-s) was applied
to inject the nanoparticle fluid into the tumor. This mass
flux was equivalent to a volume flow rate of 1 yuL/min, with
a fluid density of 1011.85 kg/m> and a needle tip area of a
29-gauge.

After the injection of MINPs, the mass transfer of nanopar-
ticles into the tumor was modeled using the differential
equation of the Transport of Diluted Species module. The
equation is as follows:

aC aC aC,
NP 4y OENP L, NP
ot or 0z 3)
1 8 &CNP achP
DNP,tissue ; (Er or ) azz

In this equation, Cyp represents the nanoparticle concentra-
tion, Dypyissue 18 the diffusivity of nanoparticles through the
tissue, and u is the convective speed profile. The parameter
values used in the model can be found in Table 2 and 3.

Initially, it was assumed that there were no nanoparticles
present in both the tumor and normal tissue, resulting in an
initial concentration value of 0 g/m> (referred to as “eps” in
COMSOL). Additionally, the flux value at the boundaries
was assumed to be zero. This approach allows the analysis
to primarily focus on understanding the behavior and dis-
tribution of heat within the tissue itself, specifically due to
the internal heat source created by magnetic nanoparticles
generating heat in magnetic hyperthermia. Fe3O4, the mag-
netic nanoparticle used in this project, has diameter of 8 nm
and density of 5.24 x 10% g-m3. The other parameters of
these MNPs are reported in Table 2. All samples of FezO4
have the same morphology in the form of a sphere [42].
After the mass transfer of MNPs, a 24-hour diffusion pe-
riod (or 86,400 seconds) could ensure effective dispersion.
This diffusion period allows for the nanoparticles to spread
and disperse evenly throughout the tissue, maximizing their
potential for heat generation during magnetic hyperthermia
[33].

The time-dependent heat transfer in the tissue was modeled
using Pennes’ bioheat equation:

oT
PCy— +V (AVT) =0y + Oer + Qe (4)

In this equation, T represents temperature, p and C, are the
tissue density and specific heat, k is the thermal conductivity

Table 3. The parameters value used for heat transfer simulation of MNPs in the skin.

Parameter Value Ref.
Diffusivity of particles into tissue 2.5¢10 [m?/s] [8, 38]
Volumetric blood flow rate through tissue 5 x 1074 [s7 1] [8, 37]
Blood specific heat 3639 [J/kg-K] [7, 8]
Blood density 1060 [kg/m3] [8, 40]
Arterial blood temperature 310.15 [k] [8, 39]
Permeability of free space 4 x 1077 [N/A?]  [8,37,39]
Boltzmann constant 1.38 x 1072 [J/K]  [8, 39]
Ligand layer thickness 1x10° m [8,37]
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of the tissue. Qp, Omer and Qe are the blood perfusion term
(bio-heat production), metabolic heat source, and external
heat source (magnetic heat production by the nanoparticles),
respectively. The blood perfusion term, which accounts for
the effect of blood perfusion on temperature balance in the
tissue, can be described by the following equation [26, 30]:

Op = PpcyWn(Te —T) Q)

Here, p, is the blood density, ¢, is the blood specific
heat, ®,, is the blood perfusion rate, and Ty, is the arte-
rial blood temperature. The blood perfusion rate, @, was
modeled in different ways, all incorporating temperature
dependence. In one model, it was considered quadratic with
temperature, expressed as @, = @y + Y7 + &7T?, where
wy=7x10"% 1 =1x10"% and & =7 x 1070 [43]. Al-
ternatively, a simple exponential relationship was proposed,
where @, = @y exp(0.00017) with @y representing a con-
stant baseline perfusion rate [44]. This model suggests a
consistent, gradual increase in blood perfusion with temper-
ature.

The bio-heat transient process starts after the 24-hour diffu-
sion of MNPs in the tissue. The power dissipation due to the
distribution of MNPs in the tumor region when subjected to
the AMF can be calculated using the equation [8, 30]:

2nft
14 (2nf7)?

In this equation, L is the vacuum magnetic permeability, x,
is the equilibrium susceptibility, H, and f are the amplitude
and frequency of the applied magnetic field, and 7 is the
effective relaxation time. Since, the Neel and Brownian
processes take place in parallel, 7 is given by the equation:

Oext = nuoxangf (6)

=1, 7! @)

Here, ty and 73 are the Neel and Brownian relaxation
times, respectively [8, 34].
Within the Bioheat Transfer module in COMSOL, the “Mag-
netic Heat Source” can be applied using the general source
list under “Heat Source”. The “Qq” term, in this context, is
equivalent to the Qgys.
The parameter values used in the simulation of the flow and
diffusion of MNPs in the tissue and tumor, as well as the
bio-heat transfer calculations, are presented in Table 3.
The COMSOL Multiphysics package was used to cou-
ple Darcy’s Law module, the transport of diluted species
module, and the Bioheat transfer module. We also com-
pared the results of Darcy’s Law with Brinkmann’ model.
Brinkmann’s equation, a more comprehensive version of
Darcy’s Law, is used to model fluid flow within porous tis-
sue. The assumption of a higher viscous resistance at the
fluid-solid interface than that within the fluid is valid only
when the specific permeability k of porous media is low
[45]. In Brinkmann equation:

Vou=0 8)

PN\u (N _
<8P> 9f+(k)u_ vp
1

(€]
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p represents tissue density, u stands for flow velocity, K
indicates tissue permeability, p represents pressure, (L Sig-
nifies dynamic viscosity, 7 denotes tissue temperature, €,
indicates tissue porosity, and F represents the force caused
by streaming [? ].

This information is crucial for understanding the mecha-
nisms behind this treatment approach and optimizing its
effectiveness. This allowed for a 2D axial symmetry sim-
ulation, utilizing the parameter values from Table 2 and 3.
The simulation aimed to investigate the fraction of necrotic
tissue after heat transfer in the tumor.

3. Results and discussion

To numerically solve the coupled model presented in Fig. 2,
we implemented an extremely fine mesh using the physi-
cally controlled mesh option based on the finite element
method. This approach allowed us to accurately capture
the details of the tissue-tumor structure and obtain precise
results for the simulation.

In our method, we injected MNPs into the center of the
tumor. The injection process lasted for 15 minutes (900 s)
with a mass flow rate of 0.189 kg/(m?-s). After that, the flow
rate was gradually decreased to 0 kg/(m?-s) over a period of
40 s. The streamline of Darcy’s velocity field, which repre-
sents the flow velocity of the MNPs (in m/s), is depicted in
Fig. 3. From the figure, we can observe that the velocity is
highest at the injection site and gradually decreases as the
MNPs move away from the tumor.

After the injection process, there is a high concentration of
nanoparticles around the needle tip area. However, within
minutes after injection, the nanoparticles become more dis-
persed throughout the tumor. To allow for enough dis-
persion of the nanoparticles within the tumor, a duration
of 86400 seconds (24 hours) was specified for the diffu-
sion process. This can be observed in Fig. 4, which shows
the spatial distribution of nanoparticle concentration (in
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Figure 2. The mesh of the tissue-tumor structure.
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Figure 3. The Darcy’s velocity field.

mol/m?) within the tumor over the period of 0 to 24 hours.
This extended period of diffusion ensures that the nanopar-
ticles are evenly distributed throughout the tissue, allowing
for a larger area of the tumor tissue to be heated during the
subsequent heating process.

In Fig. 5b, the variation in MNPs concentration over time is
shown at four points within the domain displayed in Fig. 5a.
It is evident that the concentration of MNPs increases with
time until it reaches a steady state level. Notably, the points
that are closer to the injection site reach their highest con-
centration at the beginning of the injection process. On the
other hand, the concentration of points that are further away
from the injection site is lower compared to the points that
are nearer. This observation suggests that the diffusion of
MNPs is more effective in the immediate vicinity of the in-
jection site, leading to higher concentrations in those areas.
After the 24-hour diffusion period, the tissue was subjected
to an alternating magnetic field with an amplitude of 3.5
kA/m and a frequency of 400 kHz to generate heat for the
treatment of cancerous tissue. In Fig. 6c¢, it is evident that
the maximum temperature reached and the time taken to
reach a steady state are different in the tumor and healthy
tissue regions. The points nearest to the injection site reach
higher temperatures in a shorter amount of time. This is
because these points have a higher concentration of nanopar-
ticles due to their proximity to the injection site. As a result,
they absorb more energy from the alternating magnetic field
and generate more heat, leading to higher temperatures.
As time progresses, the temperature within the tissue in-

creases until the desired tissue reaches the desired tempera-
ture for necrosis. Fig. 6a-6¢ displays isothermal contours
of the temperature field, which represent areas where the
temperature remains constant. Contour lines connect points
of equal temperature, while color gradients use different
colors to indicate temperature variations.

These figures provide visual information about the heat
transport and the uniform distribution of temperature within
the tumor and the surrounding healthy tissue. The isother-
mal contours help to identify regions where the temperature
reaches the desired level for effective treatment, ensuring
that the tumor is adequately heated while minimizing dam-
age to the surrounding healthy tissue.

In a successful cancer therapy method, it is crucial to control
the temperature to effectively damage the cancerous tissue
while minimizing injury to healthy tissue. Fig. 7 depicts
a 3D graph of the temperature distribution in the modeled
skin tissue resulting from heat therapy by the magnetic field.
The temperature is highest at the needle tip and decreases
with distance from the injection site.

As time progresses, the magnetically induced heat increases
until it reaches the threshold temperature required for necro-
sis of the tumor tissue. If the temperature remains high
enough (above 42 °C) for an enough duration, it will cause
damage to the tumor, leading to its necrosis. As shown in
Fig. 8, the inner part of the tumor reaches the maximum
temperature, indicating that it experiences the highest level
of damage. This observation suggests that the heat therapy
method effectively targets and damages the tumor tissue,
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Figure 4. Change of nanoparticle concentration by increasing time at (a) 0 s, (b) 100 s, (c) 2800 s and (d) 86400 s.

while minimizing damage to the surrounding healthy tissue.  death is commonly referred to as “necrosis”. During necro-
The most characteristic and prevalent form of controlled cell  sis, various pro-inflammatory proteins and compounds, such
death is called ‘apoptosis’, which originates from the Greek  as NF-k B, are up-regulated. This can lead to the rupture of
language. On the other hand, the uncontrolled form of cell ~ cell membranes and the leakage of cellular contents into the
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Figure 5. (a) Four cut points in tumor and healthy tissue (b) concentration variation at the four points, and (c) Temperature variation by time at the four
points.
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Figure 6. Contour diagram of temperature distribution by increasing time at (a) 100 s, (b) 600 s, and (c) 1000 s.

surrounding areas. Consequently, inflammation and tissue
damage can occur [31].

In Fig. 8, a two-dimensional plot of the fraction of necrotic
tissue in the magnetic heating process is depicted. It is

evident that necrosis initiates faster near the needle tip. Al-
though only a portion of the tissue is necrotic in this figure,
we can conclude that the procedure is effective enough.
Complete necrosis is observed only in the inner parts of

Time=1000 s Surface: Temperature {degC) 3

A 42

mim

Figure 7. 3D graph of temperature distribution after 1000 seconds.
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Figure 8. Two-dimensional plot of fraction of necrotic tissue in the magnetic heating process after, (a) 870 s, (b) 930 s, and (c) 1000 s.

the tumor, while other regions are damaged but not entirely
necrotic. This technique effectively protects nearby normal
tissues from damage, ensuring that they are minimally af-
fected by the treatment.

To compare the results of Darcy’s Law with Brinkmann
model, Fig. 9 was depicted. This Figure demonstrates that
the Brinkmann model yields a slightly higher temperature
compared to Darcy’s Law, albeit with a smaller slope. Con-
sequently, this results in greater tumor damage through
small fraction when utilizing the Brinkmann model.

In above simulations the blood perfusion rate was kept con-
stant. However, Fig. 10 illustrates the 2D distribution of
damaged tissue under two mentioned variable blood per-

Time=1000 s Surface: Damaged tissue indicator

fusion rate models [43, 44]. As shown, the fraction and
overall amount of damaged tissue vary considerably among
the models.

COMSOL Multiphysics offers a versatile tool for modeling
thermal damage in biological tissues with its “Damaged
Tissue Indicator” feature. This feature is defined by a shape
function, with its discretization level playing a crucial role
in the accuracy and computational cost of the simulation.
Different discretization levels available in COMSOL in-
clude constant, linear, quadratic, cubic, quartic and quintic.
Constant (default) is the simplest and fastest but least ac-
curate, using a constant value within each element. Linear,
quadratic, and cubic increase accuracy but also computa-
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Figure 9. 2D representation of damaged tissue using (a) Darcy’s Law, (b) Brinkmann model, and (c) comparison of temperature increase with time

utilizing the two models.
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Figure 10. 2D representation of damaged tissue utilizing different blood perfusion rate (a) @, = @y + 7T + T2, (b) w, = ay exp(0.00017).

tional cost by using increasingly complex functions within
each element. Quartic and quintic, the higher-order ap-
proaches, further increase the accuracy by employing fourth
and fifth-order polynomials, respectively. They offer the
highest accuracy but are the most computationally expen-

sive.

The choice of discretization level depends on the specific
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application and desired accuracy. For a general overview,
Constant or linear models are sufficient, however, for intri-
cate damage profiles, higher-order methods are preferable.
Since there is minimal variation among the models in our
simulation (as shown in Fig. 11), we have opted for the
constant model.

When simulating heat transfer in COMSOL, we have the
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Figure 11. Different discretization levels of thermal damage (a) Constant, (b) Linear, (c) Quadratic, (d) Cubic, (e) Quartic, and (f) Quintic.
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flexibility to adjust the precision of calculations by choosing
a discretization order for the temperature field. This order,
ranging from linear to quintic, determines the complexity
of the function used to represent temperature within each
element of the model. Furthermore, one can select between
Lagrange or serendipity shape functions, which determine
the type of interpolation used for representing temperature.
Lagrange shape functions generally provide better accuracy
in situations where elements are significantly distorted, par-
ticularly when compared to serendipity shape functions of
the same order. As a default setting, COMSOL employs
quadratic Lagrange shape functions when modeling heat
transfer in solids. This choice strikes a balance between
accuracy and computational efficiency for many common
scenarios. Fig. 12 compares the extent of damaged tissue
and temperature distribution for three different discretiza-
tion methods: linear, quadratic Lagrange, and quartic La-
grange. As shown, increasing the discretization order from
linear to quartic (both Lagrange and serendipity) results
in only a very slight decrease in both damaged tissue and
temperature.

To achieve effective cancer therapy within the desired time,

-
1

= = o8] w = L%, ] [=2] ==l [==] w
T

YO

(c)

JTAP19 (2025) -192526 11/15

it is crucial to accurately set the parameters to reach the de-
sired temperature. The volumetric power dissipation, given
by the equation P = pomy” fH3, is directly related to the
frequency (f) and the square of the amplitude of the alter-
nating magnetic field (Hy). Therefore, by increasing the
amplitude and frequency of the alternating magnetic field,
the produced temperature can increase, and necrosis can
approach the borders of the tumor and normal tissues. In
this equation, " represents the out-of-phase component of
X, which is related to the parameters of MNPs.

To investigate the effect of the amplitude of the alternating
magnetic field on hyperthermia skin cancer treatment, an
amplitude ranging from 3.5 to 4.5 kA/m was applied to the
skin at a frequency of 400 kHz, and the resulting tempera-
ture was studied (Fig. 13).

The findings indicate that the temperature during hyperther-
mia skin cancer treatment rises until it reaches a maximum
level, with the maximum temperature and the time taken to
reach it being strongly influenced by the amplitude of the
alternating magnetic field. Increasing the field amplitude
leads to higher electromagnetic energy loss and thermal en-
ergy production, resulting in elevated temperatures during

o b=t ¥ w = w o = [=5] w
T
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42 4

=
o
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Figure 12. 2D damaged tissue after 1000 s while using (a) linear, (b) quadratic Lagrange, (c) quartic Lagrange temperature discretization orders, and (d)

temperature variation at these discretization orders.
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Figure 13. The produced temperature at three different AMF amplitudes and constant frequency of 400 kHz.

treatment. However, it is important to adhere to the recom-
mended field amplitude of 7 kA/m for particles exhibiting
superparamagnetic behavior to ensure biocompatibility and
avoid potential negative effects. It is crucial to maintain
the treatment parameters within the specified limits for the
hyperthermia treatment of skin cancer to ensure safety and
effectiveness [34]. Also, For safety reasons, clinical studies
have shown that the product of magnetic field amplitude
and magnetic field frequency should be kept below a value
of approximately C = 5 x 10° A/m-s [46]. The criterion
in our study was 1.4 x 10° A/m.s for magnetic field with
amplitude of 3.5 kA/m and frequency of 400 kHz.

The results presented in Fig. 14, displaying the temperature
distribution at three different AMF frequencies, indicate that
increasing the AMF frequency leads to higher maximum
temperatures. This observation aligns with the understand-

ing that magnetic heat dissipation is associated with the
hysteresis loss of magnetic nanoparticles (MNPs). The hys-
teresis loss can be quantified by the equation Q = @w-A- f,
where @ represents the volume fraction of MNPs, A is the
area of the hysteresis loop, and f is the frequency of the
magnetic field.

The frequency of the magnetic field has a strong influence
on the coercive field, which is the magnetic field required
to demagnetize the MNPs. By controlling the coercive
field through the choice of frequency, the dissipated heat
and, consequently, the fraction of necrotic tissue can be
effectively managed [32]. Therefore, selecting an appropri-
ate AMF frequency can optimize the heat dissipation and
enhance the effectiveness of the cancer treatment by pro-
moting necrosis within the tumor. To ascertain the accuracy
and reliability of the temperature-time profiles presented

Temperature (degC)

T
0 200

1 T
400 800

Time (s)

Figure 14. The produced temperature in tumor (second cut-point on Fig. 5a) at three frequencies of AMF and constant amplitude of 3.5 kA/m.

2251-7227[https://doi.org/10.57647/j.jtap.2025.1903.26]


https://doi.org/10.57647/j.jtap.2025.1903.26

Azad et al.

in Figures 12—14, we checked the model’s numerical sen-
sitivity to time-step and mesh size. A mesh independence
test was implemented that confirmed temperature variations
were within 1 — 2% between the finer and coarser meshes.

The volume fraction of MNPs, represented by , is de-
termined by dividing the concentration of MNPs by their
density. To analyze the impact of ® on the hyperthermia
process, the inward mass flux in Darcy’s Law was set to
different values: 0.189, 0.945, and 1.89 kg/mz's, which
correspond to volume flow rates of 1, 5, and 10 yL/min, re-
spectively. Fig. 15 illustrates the consequences of increasing
the mass flux. For higher concentrations, treatment should
begin earlier than 24 hours, as the mass flux increases and
the MNPs tend to leave the tumor area and diffuse into the
surrounding healthy tissue. This diffusion can cause dam-
age to the normal tissues surrounding the tumor. Also, lower
flow rate may cause higher maximum temperature in tumor
tissue [37]. So, the optimal distribution was achieved at a
lowest flow rate of 1 yL/min, consistent with the findings
of Darvishi et al. [7]. for higher concentrations, treatment
should begin earlier than 24 hours.

Therefore, it is important to carefully consider the diffu-
sion time and other magnetic parameters of the MNPs in
order to achieve the best possible results. By optimizing
these factors, the hyperthermia process can be controlled
effectively, ensuring that the MNPs remain localized within
the tumor and reduce damage to healthy tissues. This, in
turn, can help in designing personalized treatment plans for
individual patients, maximizing the therapeutic outcomes
while minimizing adverse effects.

4. Conclusion

This study emphasizes the importance of simulating and an-
alyzing the bio-heat transfer phenomena in magnetic hyper-
thermia therapy. We have utilized COMSOL Multiphysics
software to investigate the magnetic heat generation in a
three-layer skin medium with an elliptical tumor incorporat-
ing Fe3O4 nanoparticles and a comprehensive bio-heat trans-
fer simulation. Our COMSOL Multiphysics model, incor-
porating Darcy’s Law, the Brinkmann model, and Pennes’
bio-heat equation, accurately predicted nanoparticle distri-

a)

b)

JTAP19 (2025) -192526  13/15

bution and resulting tumor thermal damage. Simulations
revealed complete tumor destruction at the center after 1000
seconds of exposure to a 3.5 kA/m, 400 kHz magnetic field,
with minimal collateral damage to healthy tissue. Sensitivity
analyses exploring various discretization methods, damage
models, and perfusion rates further optimized treatment pa-
rameters.

The simulation results provide valuable insights for op-
timizing the thermotherapy procedure. The temperature
distribution and fraction of necrotic tissue were investigated
within the modeled skin tissue. The findings showed that
necrosis initiates faster near the needle tip due to the higher
concentration of MNPs in those areas. It was further shown
that effective enhancement of bio-heat generation can be
achieved by controlling the AMF amplitude and frequency,
as well as the parameters of the MNPs. These findings
have practical implications for optimizing magnetic hyper-
thermia treatment for various skin and tumor shapes. By
exploring the potential of magnetic hyperthermia in skin
cancer therapy, researchers can advance non-invasive and
targeted treatment options, reducing risks associated with
treatment and improving patient outcomes. This research
has the potential to revolutionize cancer therapy by provid-
ing a less invasive alternative to traditional methods like
surgery or radiation therapy.
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