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In this paper, we conducted a numerical study to investigate the role of magnetic nanoparticles
(MNPs) in the treatment of cancerous tissues in three dimensional. First, we considered the governing
equations associated with this method. Next, we utilized the finite element method (FEM) and Comsol
Multiphysics software package to calculate parameters such as temperature distribution, generated
heat, and the fraction of damage in tumor and normal tissues over a 40-minute period. The applied
frequencies and current in the coil were 150 and 300 kHz and 550 A, respectively. Our calculations
revealed that the maximum temperatures of the tumor at frequencies of 150 and 300 kHz were 45.4
and 47 degrees, respectively. These temperatures are sufficient to destroy cancer cells. Furthermore,
the comparison of results at 150 and 300 kHz frequencies demonstrated that parameters such as
temperature, heat, and degradation rate increase with the increase of frequency. Additionally, we
found that the tumor damage at the end of the process for frequencies of 150 and 300 kHz was 100%

in the center of the tumor, but reduced to 63% and 75% at the border, respectively.

1. Introduction

Magnetic hyperthermia is a promising method
for treating malignant tumors. Unlike lasers, ionizing
rays, and microwaves, this innovative technique
provides a new approach to hyperthermia. It skillfully
avoids the drawbacks of traditional methods and paves
the way for a novel course in medical treatment.
In  magnetic hyperthermia, an external magnetic field
heats magnetic nanoparticles in a tumor, causing
them to convert magnetic energy into thermal energy.
The nanoparticles transfer heat to their
surroundings, raising local temperatures to 42 to 46
degrees Celsius. This elevated temperature is able to
destroy malignant cells without harming normal tissues.
For hyperthermia, nanoparticles should be 10 to 100
nm in size, which allows them to penetrate biological
barriers and reach damaged tissues. Modifying the size,
shape, and surface of the nanoparticles can enhance their
therapeutic effects [1-3].
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Magnetic hyperthermia uses a method called
induction heating, which is a versatile technology widely
used in various industries and in medicine. It is valued for
its speed, accuracy, controllability, and efficiency, which
surpass other methods. A typical system includes a power
supply, a frequency converter, an inductor, a control
system, and a cooling system [4].

In general, heat loss in magnetic materials under an
alternating magnetic field is due to: (a) eddy current loss,
(b) hysteresis loss, and (c) relaxation loss (Neel and
Brownian relaxation loss). Eddy currents in conductive
bodies are significant. But they do not contribute to heat
generation in magnetic nanoparticles. They generate very
little heat in magnetic nanoparticles. Hysteresis loss heats
larger ferromagnetic particles. But it is absent in single-
domain magnetite NPs. The magnetic field should oscillate
at 100-300 kHz. This low radio frequency is needed to heat
cancer cells to a therapeutic temperature for destruction
[5, 6].
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During treatment, ensuring body safety and preventing
side effects are crucial. It is important to manage body
temperature and avoid overheating. Additionally,
accurately predicting the magnetic field's reach is essential
for the success of magnetic hyperthermia. The success of
this treatment depends on several factors, including the
properties of the nanoparticles, their distribution in the
tumor, temperature, and the duration of heat exposure.
Each type of cancer and tumor region has its specific
conditions, so it is necessary to optimize and adjust these
factors accordingly. This optimization is key to achieving
effective treatment with minimal side effects [7, 8].

Research is currently centered on single-domain
superparamagnetic (SPM) nanoparticles, which allow for
improved control of heat within tumors. According to
Langevin's theory, SPM nanoparticles exhibit high
magnetization in a magnetic field, but lose this
magnetization once the field is removed [9-11].

Recent research on hyperthermia for cancer has shown
promising results. Raising the temperature in tumor areas
can Kkill cancer cells, while sparing normal tissues [12].
Salmon et al. demonstrated that hyperthermia raises
tumor temperature. This effect depends on magnetic
materials, the frequency and strength of magnetic fields,
blood flow, and exposure time [13]. Jorden et al. were the
first to show clinical results using magnetic hyperthermia
for brain tumors. They used superparamagnetic iron oxide
nanoparticles coated with aminosilane. First, the magnetic
fluid is injected into the tumor. Then, it is exposed to an
alternating magnetic field. The heat from the nanoparticles
either Kkills tumor cells or makes them more sensitive to
radiotherapy or chemotherapy [14]. Dughiero and Corazza
utilized the finite element method and Fluent software to
analyze heat distribution in tumor tissue. Their findings
indicated that blood flow in vessels has an impact on the
heat distribution in tumors [15]. Zhao et al. employed 15
nm magnetic iron oxide nanoparticles to conduct
hyperthermia treatment for head and neck cancer in mice.
They investigated the temperature increase in tumor
tissue through simulations and laboratory experiments.
Both approaches demonstrated similar temperature
elevations in the center of the tumor [16]. Brook et al.
examined the shapes of breast cancer using MRI data.
They applied geometric formulas to create 3D tumor
models and categorized 83 cases. The cancers were
classified into four shapes: spherical, discoidal, segmental,
and irregular. Only 19% of the cases were spherical, while
discoidal tumors were the most prevalent, accounting for
34% [17].

In this article, the finite element method was used to
solve Pennes' bio-heat transfer equation using Comsol
software to predict the temperature distribution pattern
in tissues. Additionally, a three-dimensional thermal
bioheat transfer model based on the Arrhenius model was
employed to evaluate the extent of thermal damage in
tumors.

2. Materials and Methods
2.1.Governing equation

Maxwell's equations play a crucial role in the study of
magnetic nanoparticles for hyperthermia. These
equations provide a comprehensive framework for
describing and predicting the behavior of the magnetic
field and its interaction with nanoparticles. The concise
representation of Maxwell's equations is given by the
following relationship [12, 18]:

V2A + w?ucA — ipwoA = — i) ot (1)

where, A is vector magnetic potential (Web/m), u is
magnetic permeability (H/m) w is angular frequency
(rad/s), € 1is permittivity (F/m), o is electrical
conductivity (S/m), J..: is applied current to the coil, and
i(= \/—_1) is complex unit.

Pennes' biological heat transfer equation can be used
to describe the heat transfer produced by nanoparticles.
In the present work, this equation is used to model heat
transfer in breast tissue. The equation is as follows [19]:

(pc)t% =r. (ktVTt) + Qperf + Qmet + Qext (2)
where p, c and k are the density, specific heat and thermal
conductivity of the tissue, respectively, T is temperature, t
is time, and (V:(kVT)) is the heat transfer term
represents the heat diffusion through the tissue. It
considers the tissues thermal conductivity. It measures
how well heat moves within the tissue. Qs , It refers to
the heat from blood perfusion. It is due to the heat
transfer from blood flow in the tissue. This term considers
the blood perfusion rate and the difference in
temperature between the blood and the tissue. Q¢
Metabolic heat source (450 for healthy tissue, 29000 for
tumor tissue), and Q,,; external heat source are the heat
from the magnetic nanoparticles. The heat produced in
the tumor tissue by magnetic nanoparticles is given by the
following relationship [20]:

2nf
P =tomxof H} 0 = (3)

where p, is the permeability of free space, y, is the
magnetic susceptibility, H, is the amplitude, f is the
frequency of the alternating magnetic field, and 7 its
effective time are given by the following relationship [21,
22]:

=13t + 15t 4)

where 7y and 7z are the relaxation times of Neel and
Brownian, respectively, and have values of 2.15 X 10~°
and 2 x 1072 respectively.
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Relaxation times of Neel, which is actually the
relationship between thermal energy and anisotropy, is
given by the following relationship: [23].

T | ksT KV (5)

Ty = > nﬁexp(klg—T
where kgis Boltzmann's constant, T is temperature, K is
anisotropy constant, I is volume of nanoparticles, and 1:%
is the ratio of heat energy to anisotropy energy.

Brownian motion is related to the rotation of

nanoparticles in the medium in which they are placed and
is given by the following equation:

3nVy (6)
BT
B

where Vy is the hydrodynamic volume of magnetic
nanoparticles and 7 is the viscosity of the environment.

Hence, it can be inferred that Brownian motion is
primarily influenced by the viscosity of the medium.
Furthermore, the extent of tumor tissue destruction has
been quantified using the destruction integral and the
first-order Arrhenius equation. This equation describes
the relationship between tissue mortality, temperature,
and treatment duration as follows [15, 16]:

L E. (7)
Q(t) = [ Agr dt
0

where T is the temperature calculated inside the
calculation domain due to heat RF, t(s) is the erosion
time, A(s™!) is the frequency factor (1.18 X 10%*%),
E,(J/mol) is the activation energy for destruction
reaction (3.02 x 10%) irreversible and R is the global gas
constant (8.3145). it is other parameters are shown in
Table 1.

Table 1. Values of parameters used [24]

Parameter kg ] w

pl=3l c|l—=| k|

m kg.K m.K

Normal 1080 3500 0.5107
Tumor 1060 3000 0.4503
Blood 1050 4180 0.51
Fe,0, 5180 4000 40

2.2.Conditions calculations

In order to describe the problem conditions, we are
assuming the presence of a spherical tumor with a radius
of 10 mm. This tumor is located approximately 10 mm
beneath the layers of the dermis, epidermis, hypodermis,

and adjacent tissue in the skin. Fig. 1 depicts the meshing
and tumor geometry within the three-dimensional human
breast tissue, while Fig. 2 provides a general view of the
breast tissue for modeling [25].
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In order to solve the equations, we utilized the finite
element method and the COMSOL Multiphysics software.
We chose this software because of its capability to handle
various types of physics, including the Pennes' bioheat
equation. For enhanced accuracy, we made the
assumption of a uniform distribution of nanoparticles
within the tumor tissue. A copper inductor with a circular
cross-section was employed in these calculations,
possessing a conductivity of 5.9 x 107 [s/m]. This
inductor produced a magnetic field at 150 and 300 kHz
with a 550 amp. current [8]. Also, to destroy breast cancer
tissue, magnetite nanoparticles (Fe;0,) with a diameter
of 19 nm were used as a heat source in this study.

| 0 50

mm
Healthy tissue

40

20

Fig. 2. Schematic of cross-sectional view of breast model

3. Results and Discussion

In this section, we focus on the obtained results from
calculations, providing more details about generated
heat, temperature fields, and damage fraction in both
tissues.

3.1. Distribution of generated heat in tissues

In this section, we investigated the distribution of
heat generation due to electromagnetic induction and
magnetic nanoparticles in both normal and tumor
tissues. We applied an electromagnetic field to the tumor
tissue containing 19nm diameter = magnetite
nanoparticles (Fe;0,) using a traditional solenoid coil for
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40 minutes. It is important to consider the position of the
tumor when calculating the induction heating in this part
of the model.

In Fig. 3(a), it is shown that the maximum volumetric
heat produced in the entire tissue at 150 kHz, is
420 kW /m3. Additionally, Fig. 3(b) indicates that the

A 12x10°
x10°
4.2

4
3.8
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12.8
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(a)

Time=40 min

f=150kz Y 2.22x10°
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volumetric heat produced in the tumor is 386 kW /m?3. By
comparing the heat produced in healthy and tumor tissue,
we can conclude that approximately 92% of the heat is
concentrated in the tumor tissue, and only 8% of the heat
is generated in the healthy tissue. As a result, the healthy
tissue is exposed to less heat, leading to less damage.

(b) A 3.86x10°
3.8

Time=40 min 23

[130KHE wa23%10°

Fig. 3. Distribution of generated heat at frequency 150 kHz (a) in the whole tissue, and (b) in the tumor tissue
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Fig. 4. Distribution of generated heat at frequency 300 kHz (a) in the whole tissue, and (b) in the tumor tissue

In Fig. 4, the heat volume generated for the entire
tissue and tumor is calculated at a frequency of 300 kHz.
As depicted in Fig. 4(a) and (b), the concentration of
nanoparticles in the tumor leads to heat production
through magnetic induction, resulting in the highest heat
concentration in the tumor. The ratio of heat produced in
the tumor to that in the healthy tissue is more than 11
times.

In comparing Figs. 3 and 4, we can see that doubling
the frequency only results in a 17% increase in the
amount of heat produced in both the entire tissue and
the tumor tissue. Moreover, the position of the
maximum heat value shifts from the middle part of the
tumor to one of the poles. From the Figs., it can be
inferred that there is no significant difference between
the maximum and minimum values of heat. In other
words, the position of the tumor relative to the coil has
led to this heat generation within the tumor (Fig. 3(b)
and 4(b)). It's worth noting that magnetic nanoparticles
(MNPs) play a crucial role in heat generation within the
tumor. They not only increase heat generation but also
influence the distribution of heat within the tumor.

3.2. Distribution temperature field in the tissues

Despite the presence of magnetic nanoparticles
(MNPs) in the tumor and the application of time-
dependent external electromagnetic fields, the
nanoparticles begin to heat up due to the effects of Néel
and Brownian relaxation. This heat production leads to an
increase in temperature within the tumor. Fig. 5 presents
the temperature field at thermal equilibrium after 40
minutes. At first glance, the temperature within the tumor
appears to be uniform. For more detailed information
about the temperature values within the tumor region, we
have conducted calculations as presented in Fig. 5. It is
clear that the maximum temperature is concentrated
within the tumor region, with values gradually decreasing
in the radial direction. Additionally, there is an
approximate 5°C temperature difference between the
center and the surface of the tumor.

In Fig. 5, the temperature changes inside the tumor are
calculated for two different frequencies. The results
indicate that a 100% increase in frequency causes the
maximum temperature in the center of the tumor to
increase by 4%, and the minimum temperature at the
border of the tumor with normal tissue to increase by 3%.
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Although this temperature change is small, it can lead to
more than a 10% increase in tissue destruction.

In the process of using MNPs for hyperthermia, the
heat generated in the tumor also affects the surrounding
normal tissue. Fig. 6 provides information about the
temperature distribution in the normal tissue
surrounding the tumor. The maximum temperatures at
the border of the normal tissue and tumor are indicated
in the Figs. The temperature gradually decreases from the
border into the healthy tissue. A comparison of the
maximum temperatures at frequencies of 150 kHz and
300 kHz reveals that at 150 kHz, the temperature reaches
41.2 degrees after 40 minutes (Fig. 6(a)), whereas at 300
kHz, this temperature is reached after 30 minutes (Fig.
6(b)). Therefore, to prevent damage to the normal tissue,
we need to reduce the time by increasing the frequency.

(a) Temperature (degC) A 45.4

Time=40 min 45.0
445
44.0
43.5
43.0
42.5
42.0
41.5
41.0

f=150kHz W40.5
V¥ 40.4

(b) Temperature (degC) - 3;,'8

Time=40 min 46.5
46.0
45.5
45.0
44.5
144.0
43.5
43.0
42.5
42.0

f=300kHZ g 41 &
Fig. 5. Spatial temperature field in the tumor tissue (a) 150 kHz, and
(b) 300 kHz

As mentioned in the section 3.1, the modeling
process lasted for 40 minutes. Fig. 7 illustrates the
temperature distribution along the radius of tissue
(based on Fig. 2). The temperature profile shows a
gradual increase until it peaks in the center of the
tumor. Also, the temperature profiles for frequencies of
150 and 300 kHz were plotted at equal time intervals.
In normal tissue, both temperature profiles follow the
same pattern, but in tumor tissue, the temperature

patterns are different.

()
(b)
£=300 kllz
Fig. 6. Spatial temperature field in the normal tissue. (a) 150

kHz, and (b) 300 kHz

In the first 5 minutes, at a frequency of 150 kHz, the
maximum temperature stays below 42°C, which is the
minimum temperature needed to destroy cancerous cells.
However, at a frequency of 300 kHz, the maximum
temperature only exceeds 42°C in a small region at the
center of the tumor. In the next 5 minutes, the maximum
temperature for both frequencies exceeds 42°C, covering
the central region of the tumor. Additionally, the rate of
temperature change inside the tumor is high at first and
then decreases over time. As the treatment time
increases, a larger portion of the tumor is affected,
indicating that most of the tumor has reached a
temperature sufficient to eliminate cancerous cells.

3.3.Scrutiny the destruction of tumor tissue

The key factors in hyperthermia are the ablation rate
of tumor and normal tissue. In Fig. 8, we can observe the
percentage of tumor damage during the first 5 minutes of
the tumor destruction process at frequencies of 150 and
300 kHz. At 150 kHz, the tumor destruction is less than
15%, while at 300 kHz, it is about 21%. Comparing Figs. 8
(@) and (b), we can see that despite doubling the
frequency, the destruction fraction has only increased by
40%.
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Fig. 7. Profile of temperature during the different time intervals, (a) 150 kHz, and (b) 300 kHz

In Fig. 9, it is evident that after 40 minutes, both
frequencies achieve a maximum destruction rate of 100%,
effectively destroying most of the tumor area. However,
the destruction percentage at the boundary between the

A 0.148
(a) Fraction of damage J x107?
Time=5 min 10.0

5.00

2.00

S 150kHz ¥ 0.0103

tumor and healthy tissue differs for each frequency. At the
boundary, the destruction level is 61% for the 150 kHz
frequency and 75% for the 300 kHz frequency.

A 0211
(b) %1072

Fraction of damage 20.0

Time=5 min

10.0

15.00

2.00

[0k L o000

Fig. 8. Spatial damage fraction of the tumor at the first 5 minutes, (a) 150 kHz, and (b) 300 kHz
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(b) 1.00
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Time~ 40 min
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0.80
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Fig. 9. Spatial damage fraction of the tumor at the 40 minutes, (a) 150 kHz, and (b) 300 kHz

A comparison of Figs. 9(a) and 9(b) demonstrates the
significant impact of frequency on the destruction rate. An
increase in frequency results in a higher destruction rate,
potentially causing harm to healthy tissues. For example,
doubling the frequency increases the destruction rate at
the tumor's boundary with healthy tissue from 63% to
75%, representing a 12% increase.

The analysis of the damage fraction profile provides
interesting insights into the rate of tumor destruction at
different frequencies (Fig.10). As expected, the rate of
tumor damage in the first 5 minutes of the process is
much lower than at the end. In this case, a 100% increase
in frequency results in only a 6% increase in destruction.
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Fig. 10. The profile of injured rate of both tissues for different time intervals, (a) 150 kHz, and (b) 300 kHz

The percentage difference in destruction reaches the
maximum value of 14% during the third 5 minutes and
then decreases over time until it reaches zero as the
tumor is fully destroyed. This highlights that while higher
frequencies initially lead to faster destruction, the
difference diminishes as time progresses, ultimately
leading to similar outcomes (Table 2).

During hyperthermia operations, the proximity of
tumor and normal tissues poses a risk to healthy cells.
Initially, normal tissues remain safe, but as the treatment
progresses, the risk to the normal tissue border increases.
An increase in frequency leads to a higher fraction of
damage in both tumor and normal tissues (Fig.10).
Therefore, managing the treatment time is crucial to
minimize damage to normal tissue. Adjusting treatment
parameters is essential to balance effective tumor
destruction while protecting healthy cells.

4. Conclusion

e Eddy currents do not contribute to heat generation in
magnetic nanoparticles.

o The highest temperature belongs to tumorous tissue
which is located in the center.

e Dividing the total operation time into eight equal
intervals, the maximum temperature in the first
interval remains below the critical level.

e An increase in frequency leads to a higher fraction of
damage in both tumor and normal tissues.

e Managing the treatment time is crucial to minimize
damage to normal tissue.
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