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Abstract

Magnetic fluid hyperthermia (MFH) is a novel reliable technique with excellent potential for
thermal therapies and treating breast tumours. This method involves injecting a magnetic
nanofluid into the tumour and applying an external AC magnetic field to induce heat in the
magnetic nanoparticles (MNPs) and raise the tumour temperature to ablation temperature
ranges. Because of the complexity of considering and coupling all different physics involves
in this phenomenon and also due to the intricacy of a thorough FEM numerical study, few
FEM-based studies address the entire MFH process as similar to reality as possible. The
current study investigates a FEM-based three-dimensional numerical simulation of MFH of
breast tumours as a multi-physics problem. An anatomically realistic breast phantom
(ARBP) is considered, some magnetic nanofluid is injected inside the tumour, and the diffu-
sion phenomenon is simulated. Then, the amount of heat generated in the MNP-saturated
tumour area due to an external AC magnetic field is simulated. In the end, the fraction of
tumour tissue necrotized by this temperature rise is evaluated. The study’s results demon-
strate that by injecting nanofluid and utilizing seven circular copper windings with each coil
carrying 400 A current with a frequency of 400 kHz for generating the external AC magnetic
field, the temperature in tumour tissue can be raised to a maximum of about 51.4°C, which
leads to necrosis of entire tumour tissue after 30 minutes of electromagnetic field (EMF)
exposure. This numerical platform can depict all four various physics involved in the MFH of
breast tumours by numerically solving all different equation sets coupled together with high
precision. Thus, the proposed model can be utilized by clinicians as a reliable tool for pre-
dicting and identifying the approximate amount of temperature rise and the necrotic fraction
of breast tumour, which can be very useful to opt for the best MFH therapeutic procedure
and conditions based on various patients. In future works, this numerical platform’s results
should be compared with experimental in-vivo results to improve and modify this platform in
order to be ready for clinical applications.

1. Introduction

Breast cancer is one of the most common cancers nowadays, and many people from both gen-
ders die because of this type of cancer every year. According to the American cancer society’s
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T, temperature, K; Ty, arterial blood temperature, K;
T, ambient temperature, K; t, time, s; VF, volume
fraction of MNPs in the nanofluid; W,
hydrodynamic volume of the MNP, m3; iy,
magnetic volume, m?; Vi, volume of nanofluid, m®,
V1, total volume of nanoparticles, m®; Greek
symbols a, degree of tissue injury; AE, activation
energy, J mol™"; &, surfactant layer thickness, m; e,
surface emissivity; o, permittivity of free space, F
m™; e, relative permittivity; n, viscosity, Pa s; 6,
volume fraction of MNPs in tissue; 8, fraction of
necrotic tissue; o, permeability of free space, H m
-y, relative permeability; p, density, kg m™; py,
density of blood, kg m™; o, electrical conductivity,
Sm™; gsg, Stefan-Boltzmann constant, W m? K
T, relaxation time, s; tg, Brownian relaxation time,
s; v, Neel relaxation time, s; yq, ferrofluid
susceptibility; ¢—i, diffusive flux vector of i
component, mol m?s™: w, angular frequency, rad
s™": wy, blood perfusion rate, s™.

statistics, the estimated new breast cancer cases and deaths in 2021 are 284200 and 44130 peo-
ple in the USA [1]. The use of heat as a tool for eliminating malignant tumours has been
known since ancient times and various techniques have been developed in the last century.
However, only in the past few decades, it has been used for ablation and treatment of tumours
in a controlled procedure called hyperthermia [2, 3].

Hyperthermia is a heating procedure in which the tumour’s temperature rises above the
normal body temperature (37°C) and is held for several minutes to damage and ablate cancer-
ous tissues [4]. Heating temperatures between 41-46°C are considered as moderate hyperther-
mia, and between 46-56°C and higher, as thermal ablation range. These temperatures can
cause tissues to undergo coagulation or tissue necrosis, called thermo-ablation [4]. Unlike
other traditional cancer treatment procedures such as chemotherapy, radiotherapy, and sur-
gery, hyperthermia is a non-invasive procedure that eliminates just cancerous tissues and min-
imally damages normal surrounding body tissues [5]. There are various approaches to conduct
the hyperthermia process, such as microwaves, laser beams, high-intensity focused ultrasound
(HIFU), or magnetic fluid hyperthermia (MFH) [5].

Magnetic fluid hyperthermia (MFH) is a treatment that involves injecting magnetic fluid
into the tumour and then applying an external electromagnetic field. It can raise the tempera-
ture of the tumour to 43°C or more, causing apoptosis. In recent decades, researchers have
considered the application of magnetic fluids in hyperthermia treatments. Because, unlike
laser, microwave, and ultrasound hyperthermia, this minimally invasive treatment avoids
overheating healthy tissues. In this method, the magnetic field is absorbed solely by magnetic
nanoparticles (ingredients of magnetic fluids). Also, unlike other noninvasive treatment tech-
niques, this method can be used to treat deep-seated tumours [6, 7]. Many researchers have
investigated the MFH technique. Nevertheless, there is still a lack of complete numerical study
that can predict this complicated multiphysics phenomenon on realistic phantoms. Some of
the most recent and prominent approaches in this field are reviewed below. Since the current
research aims to study this phenomenon numerically, it is tried to mostly focus on analytical
and numerical studies in this field.

In 2010, Miaskowski et al. [8] proposed a lump system approach for determining the tem-
perature increase in breast cancer based on the specific absorption rate by utilizing magnetic
nanoparticles (MNPs). This formula matches the results of experiments on female breast can-
cer phantoms. To gain further insight into the temperature distribution, Miaskowski et al. [6]
performed a numerical study of MFH to treat breast cancer. An artificial breast phantom was
created, and the simulation results were compared with the experimental measurements on
this phantom. Further, Attar et al. [9] carried out in-vitro experimental research on MFH in
soft tissue by considering artificial blood perfusion. The focus was to investigate the thermal
behaviour of dead kidney tissue during MFH. Recently, Suleman et al. [10] carried out a
numerical simulation of MFH of breast tumours using magnetite (Fe;O,4) nanoparticles. A 3D
FEM (finite element method) based model investigated different physics incorporated in the
MFH process. By adopting a realistic breast model, Miaskowski and Subramanian [11] per-
formed a calorimetric study of MFH treatment of breast cancer. They used the magnetic-field-
dependent Néel and Brownian relaxation times to compare the interactions of MNPs and
tumour tissue. Gas et al. [12] carried out an in-silico study on tumor-size-dependent thermal
profiles inside an anthropomorphic female breast phantom. They exposed the breast tissues to
an EMF generated by an eight-element dipole antenna matrix surrounding it and used a
finite-difference time-domain (FDTD) engine for solving the Maxwell equations coupled with
the modified Pennes’ bioheat equation. Raouf et al. [13] carried out a parametric numerical
investigation of MFH using finite element analysis. They predicted temperature distribution
during the MFH process. Suleman et al. [14] introduced a mathematical modeling approach
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toward MFH of cancer. In their research, they described the basic physical mechanisms behind
this treatment modality and introduced recent advances in the mathematical modeling
approach toward this therapy. Also, many researchers simulate breast tissue thermal responses
by various mathematical models. Neto et al. [15] produced a simplified 3D mathematical
model to predict the human breast thermal response directly from physical laws and making
use of mass, heat, and fluid flow empirical and theoretical correlations. Gas et al. [16] carried
out a FEM-based analysis of temperature in the anatomical model of the female breast with a
strictly defined level of power generated by the EMF source in pathological tissue saturated
with ferrofluid. The nanofluid injection method can affect the MFH process as well. Gas et al.
[17] investigated the influence of multi-tine electrode configuration in realistic hepatic radio-
frequency ablative heating. They utilized the Arrhenius model to establish the thermal damage
of hepatic tissue. Tang et al. [18] investigated the effect of injection strategy for nanofluid
transport on thermal damage behavior inside biological tissue during magnetic hyperthermia.
Rajput et al. [19] carried out a computational feasibility study to model heat flow for a con-
trolled focusing of microwave hyperthermia of breast cancer. Their study includes a mathe-
matical analysis of hyperthermia and FEM modeling results. Ling et al. [20] introduced a
microstrip antenna with different applied frequencies as a non-invasive hyperthermia applica-
tor to clarify the sufficient heat distribution on the treated tissue for different breast cancer
stages. They analyzed 57 mammogram breast cancer images from the early stage to stage 3 to
obtain the required penetration depth and focus position distance. Nizam-Uddin et al. [21]
established a simplified experimental setup to investigate the rise in temperature in a micro-
wave hyperthermia treatment system for breast tumors. Their proposed system is illustrated
by numerical simulations of breast phantom as well to investigate energy propagation in tissue
layers at various excitation frequencies.

Based on the literature mentioned above, only a few studies have addressed challenges
involving 3D modeling of MFH processes that can consider the entire governing equations
of this phenomenon. Because of the complexity of a thorough FEM study, almost none of
them considers an anatomically realistic breast phantom for this purpose. Therefore, to
bridge this gap, a FEM-based simulation is carried out in the current study, which can address
the entire MFH process problem and demonstrate the real physics involved in this phenome-
non in great detail. Unlike previous studies, all different physics involved in the MFH proce-
dure is considered and numerically simulated. Furthermore, by utilizing an anatomically
realistic breast phantom (ARBP), the goal was to get outcomes that were as similar to reality as
feasible. This ARBP was derived using one of the models in a collection of T1-weighted mag-
netic resonance imaging (MRIs) of patients in the prone position as explained in the next sec-
tion [22].

The whole MFH process and the steps of the simulations used to predict reality using an
ARBP are described here. First, diffusion of MNPs inside tumour tissue is simulated, and
the concentration of these MNPs is obtained in different parts of the tumour and breast.
After that, the AC magnetic field generation is simulated, and by calculating the amount of
magnetic energy absorbed by the MNPs, the amount of heat-induced and temperature
increase in the tumour area is calculated. By knowing the amount of temperature increase, the
fraction of necrotic tissue is calculated. This thorough numerical platform can be utilized by
clinicians as a reliable predicting tool for opting for the best therapeutic plan based on various
patients.

The remainder of this paper is organized as follows: In section 2, the materials and methods
are presented. In section 3, numerical results of the MFH processes are presented. Section 4
provides a conclusion for the study.
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2. Material and methods

This section begins with a brief overview of the MFH procedure. Then there is a description of
governing equations and mathematical models. The remaining subsections provide essential
information about various stages of the numerical modelling process.

2.1 MFH process

The MFH aims to induce local heating by utilizing some radio-frequency electromagnetic
waves. For this purpose, first, MNPs should be injected inside the tumour. Due to the diffusion
process, these MNPs will propagate inside the tumour and its surroundings. After that, gener-
ating an external AC magnetic field in the breast area would induce heat in these MNPs.
Through the magnetic coupling between the magnetic component of the generated magnetic
field and the magnetic moment of MNPs, MNPs can be employed as nano-heaters triggered
by an external AC magnetic field. The energy absorbed by these MNPs is dissipated as heat by
this coupling mechanism [23].

Dynamic hysteresis losses caused by the relaxation of the magnetic moments generate this
heat induction in MNPS. The relaxation process consists of two simultaneous mechanisms.
One of them is called Brownian relaxation and is correlated to the physical rotation of the
MNPs on the surrounding medium, which depends on the medium viscosity and hydrody-
namic volume of MNPs. The other one is the Neel relaxation, which relates to the rotation of
the atomic magnetic moments within the crystal lattice of the MNPs. Both mechanisms coin-
cide for some frequency range; however, they are independent. The faster mechanism is the
dominant one for heat induction [24].

This heat induction leads to a temperature increase in the surrounding medium (tumor). If
the temperature remains high (over 41°C) for some time, tumour tissues will start to be dam-
aged and die, which is called Thermal ablation. So, different steps of MFH can be outlined as
follows:

1. Injection of MNPS and diffusion of them inside a tumour and its surrounding.
2. Generating an external magnetic field and inducing heat in the MNPs.
3. Temperature increment in the tumour leads to necrosis of the tissues.

For a better understanding, a schematic of the MFH process on a breast tumour is illus-
trated in Fig 1.

2.2 Governing equations

The governing equations that should be solved for a thorough simulation of the MFH process
include four parts. Diffusion of MNPs in the tumour, generation of the magnetic field by a cur-
rent-carrying coil, heat generation and heat transfer in biological tissue, and prediction of the
fraction of the tumour damage and necrosis. The governing equations for each of these steps
are mentioned in the following.

2.2.1 Diffusion of MNPs. According to the Fick’s second law, the considered diffusion
equation is as follows [10, 25]:.

Oc

D— GkBT 2)
TU’]VP
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Fig 1. A schematic view of the MFH process of a breast tumor.
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In the above equations, ¢ is the concentration of the MNPs, and D is the diffusion coefficient
formulated by the Stokes-Einstein equation and considered to be constant for the given fluid.
Also, kg, T, 1, and r,, are Boltzmann constant (1.38x107* J K™"), absolute temperature, nano-
fluids viscosity, and radius of the MNPs, respectively.

2.2.2 Magnetic field generation and power losses dissipated by MNPs. The governing
equations for a magnetic field generated by a current-carrying coil in the frequency-transient
domain can be expressed by the Maxwell-Ampere’s and Faraday’s laws as follows [6, 26]:

— . 0D,

VxH=]+— (3)
—
OB

D, =¢,c,E (5)

B = o H (6)

T =0E (7)
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— —
In the above equations, H is the vector of magnetic field strength, B is the vector of mag-
— —
netic flux density, E is the vector of electric field strength, D, is the vector of electric flux den-

sity or electric displacement, 7 is the vector of current density, €, is the permittivity of free
space (8.85x107"2 F m™), , is relative permittivity, y is the permeability of free space
(4nx1077 Hm'"), g, is relative permeability, and o is electrical conductivity. It should be men-
tioned that the current density inside the homogenized multi-turn source coil can be expressed
as follows [27]:

NI

o (®)

]coil = A

coil

In this equation, N, I, and Ay are the number of turns, coil current, and total cross-sec-
tion of the coil domain, respectively.

In the presence of this external alternating magnetic field (AMF), the amount of power
losses dissipated by MNPs can be modeled by the Rosensweig formulation as follows [6, 28]:

f 2nft
P, =nu g Hf —L— 9
dis lu’(]AO Uf1+(2nf‘c)2 ( )
Lo = MOvaM/kBT (10)

In the above equations, (1, is the permeability of free space equal to 4mx10~" Hm™, y, is fer-
rofluid susceptibility, Hy is the amplitude of magnetic field strength, fis the cyclic frequency
equal to w/2m, w is the angular frequency, 7 is relaxation time, M is the magnetic fluid satura-
tion magnetization, Vy; is the magnetic volume of MNP equal to 4nr,*/3 for a nanoparticle
with a radius equal to r,,, and T is the absolute temperature. It should be mentioned that in this
formula, ferrofluid susceptibility () is assumed to be constant and not dependent on the
magnetic field [6]. A comprehensive explanation of the derivation of these formulas and differ-
ent parameters can be found in Rosensweig’s paper [28]. The effective relaxation time 7 can be
expressed as follows:

—=—+— (11)

In this formula, 75 and 7y are Brownian and Neel relaxation times. As mentioned before
there are two physical processes responsible for the dissipation of power and heat induction,
that are Brownian and Neel relaxations, and can be expressed as follows [6, 28]:

7y = 1077 x eVw/keT (12)
Ty = 3’7VH/kBT (13)
V= (1+/R)’V,, (14)

In the above equations, K is the magnetic anisotropy constant, 77 is the viscosity of the mag-
netic fluid medium, Vi is the hydrodynamic volume of an MNP, and ¢ is the surfactant layer
thickness.
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2.2.3 Heat transfer in biological tissues. Temperature distribution in biological tissues
can be expressed by the Penne’s bio-heat transfer equation as follows [29]:

pc, 8_1; = kV’T + wbpbcp.b(Tb = T) + Que + Qunps (15)

In the above equation, p is the tissue density, c, is the specific heat in constant pressure of
the tissue, k is the thermal conductivity of the tissue, w, is local blood perfusion rate, py, is the
density of blood, c,, is the specific heat of blood, T, is local arterial blood temperature, Qe is
local metabolic heat generation rate, and Qups is the heat dissipation rate by MNPs equal to
Pyis mentioned in the previous section.

2.2.4 Prediction of the fraction of necrotic tissue. The degree of tissue injury due to the
hyperthermia process can be evaluated by the Arrhenius kinetic model as follows [17, 30-32]:

aa n  =ZAE
5 = (- a)4e (16)

In this equation, « is the degree of tissue injury, # is the polynomial order of the equation
(in this study # is considered to be 1), R is the universal gas constant (8.314 ] K ! mol™), and
T is the tissue temperature. Parameters A and AE are frequency factor and activation energy
and are dependent on the type of tissue and have been characterized for different tissue types.
These parameters for the breast tissue are calculated to be A = 1.18x10** s and AE = 3.02x10°
J mol™ [33]. After calculating the degree of tissue injury, the fraction of necrotic tissue (63) is
expressed by [31, 32]:

0, = min(max(e, 0), 1) (17)

2.3 Description of the model’s geometry

The FEM-based commercial software COMSOL Multiphysics [34] is used to carry out all of
the simulations in this paper. The 3D cartesian coordinate system is utilized and as mentioned
before, an ARBP is utilized and located inside of a current-carrying coil. This coil consists of
seven turns located vertically with a free space in between each of them. This considered coil
generates a magnetic field in the breast area. The diameter of the coil and the distance between
the coil windings are considered to be 260 mm and 15 mm, respectively, so the breast could
locate inside of it completely. Also, the cross-section of coil wire is considered to be 1e-6 m?.
To implement the magnetic field around the breast, all of these parts are located inside a hypo-
thetical cube filled with air. This whole considered geometry is shown in Fig 2.

The following are descriptions of the steps involved in importing and applying 3D grid-
based anatomically realistic numerical breast phantoms in the COMSOL software. The numer-
ical breast phantom used in our simulations was chosen from the numerical breast phantom
repository created by UWCEM (University of Wisconsin cross-disciplinary electromagnetics
laboratory) [35], which includes several anatomically-realistic MRI-derived numerical breast
phantoms for breast cancer detection. These breast phantoms were made using a series of
T1-weighted MRI scans taken from individuals lying in a prone posture. Short TE (time to
echo) and TR (time of repetition) durations are used to create T1-weighted pictures. The time
interval between successive pulse sequences applied to the same slice is referred to as TR. The
time between the delivery of the RF (radio frequency) pulse and the receiving of the echo signal
is called TE. The numerical breast phantom picked is from class 2 and has the number of
Breast ID 012204. The American College of Radiology describes the categorization numbers
concerning their radiological density as follows [36]; Class 1, nearly totally fat (less than 25%
glandular tissue); class 2, dispersed fibro-connective/glandular tissue (between 25% and 50%
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Fig 2. 3D presentation of the whole considered model geometry.

https://doi.org/10.1371/journal.pone.0274801.9002

glandular tissue); class 3, heterogeneously dense breast (between 51% and 75% glandular tis-
sue); and class 4, highly dense breast (above 75% glandular tissue).

A cloud of points is created in 3D space using these mentioned data and a MATLAB [37]
function that ties each point in the space to a specific tissue type of the breast phantom. The
breast phantom is built as a 3D model by obtaining this point cloud for each tissue type and
converting it to surfaces and volumes using CATIA software [38]. Several marginal points of
each tissue type that could be roughly considered on one single surface were connected and
produced surfaces (converting the point cloud to the surfaces). Many surfaces produced in this
way were knitted together to produce an enclosed volume that represents each of the breast
phantom’s tissue types (converting the surfaces to the volume). Five different tissue types are
extracted to achieve a simplified ARBP, and data relevant to these tissue types are retrieved
and used from the given database. The obtained and considered breast tissue types are (1)
fibro-connective/glandular tissue (FCG), (2) transitional tissue, (3) fatty tissue, (4) muscle, and
(5) skin. Views of the point cloud obtained from the specified database, the surfaces formed
from this point cloud, and the volume developed from these surfaces relating to fatty tissue, as
an example, are presented in Fig 3 to understand better the many processes of constructing a
3D breast phantom. Each of the tissue types mentioned is developed into a 3D object accord-
ing to the stages elaborated in Fig 3.
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(©)

Fig 3. Different steps of creating a 3D breast phantom: (a) point cloud obtained from the database, (b) surfaces created from the point cloud, and (c) the
volume created from knitted surfaces.

https://doi.org/10.1371/journal.pone.0274801.g003

The tumour in our simulations is considered as a sphere with a diameter equal to 16 mm
and its center located at the point: x = =70 mm, y = —10 mm, and z = 10 mm. This tumour size
is categorized as T1lc [39] and is a small tumour in the early stages of cancer development.
Inside the tumour, another sphere is considered with a diameter equal to 8 mm, representing
the injected nanofluid inside the tumour. Right after the injection, the nanofluid is located as a
sphere within the tumour, and through time, it diffuses outward to the other tumour and
breast areas. Also, it should be mentioned that this tumour is located inside the fatty tissue of
the breast phantom. In Fig 4, all of the tissue types mentioned along with the tumour are
shown separately and all together as the ARBP.
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Fig 4. 3D geometry of different tissue types separately and all together, (a) FCG tissue, (b) transitional tissue, (c) fatty tissue and muscle, (d) skin, (e) tumor
and injected nanofluid, and (f) all of the tissues inside of each other as the ARBP.

https://doi.org/10.1371/journal.pone.0274801.9004

2.4 Numerical methodology and simulation procedure

In this section, the numerical modelling of MFH will be introduced step by step. This section
is divided into several subsections and each of these steps is explained accordingly in these sub-
sections. The needed information, material properties, and initial and boundary conditions for
each physics will be explained. First, the simulation of diffusion of MNPs inside the tumour
and breast tissues should be discussed.

2.4.1 Diffusion simulation. The nanofluid considered in the current study is a diluted
fluid consisting of magnetite MNPs with the base fluid water. The volume fraction of MNPs in
the fluid (shown in Eq 18) is considered to be 0.2. These assumptions are considered based on
similar papers [6, 10].

VF=_2% (18)

In the above equation, VF, V,,, and V,,sare volume fraction of MNPs in the nanofluid, total
volume of nanoparticles, and volume of nanofluid. According to previous clinical and non-
clinical studies, different dosages of nanofluid injection can be considered based on the tumor
size and the time considered for each MFH therapy session. In the current study, the total vol-
ume of nanofluid injection inside the tumor is considered to be equal to 0.1 mL, which is less
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Table 1. Properties of different materials used for frequency of 400 kHz [6, 10, 45, 49-55].

Materials
FCQG tissue
Transitional tissue
Fatty tissue
Tumor
Muscle
Skin

Blood
MNPs
Nanofluid
Air
Copper

https://doi.org/10.1371/journal.pone.0274801.t001

p (kgm™)
1050
990
930
1050
1100
1109
1050
5180
1838
1.18
8960

C, Jkg'K™) k(Wm'K") € o(Sm™) Quee(W m™) wy(s™)
3770 0.48 3.0le+3 5.4e-1 700 0.0067
3270 0.345 1.53e+3 2.83e-1 700 0.0067
2770 0.21 5.47e+1 2.51e-2 700 0.0067
3852 0.54 7.11e+3 3.73e-1 5790 0.005
3800 0.48 7.11e+3 3.73e-1 5790 0.005
3391 0.37 1.11e+3 7.15e-4 400 0.0083
3617 0.52 5.03e+3 7.06e-1 _ _

670 9.7 1.2e+1 2.5e+4 _ _

2201 1.2 3.75e+1 7.7e+3 _ _
1005 0.026 1 5e-15 _ _
385 400 1 5.99¢e+7

than half of the amount considered by Tang et al. [40] (They considered a total volume of 0.24
mL nanofluid injection). Thus, this volume of nanofluid can be expressed as a safe amount. By
having VF and V¢, V,,;, will be calculated as 0.02 mL. By having magnetite density and molar
mass based on Table 1. The amount of MNPs moles injected can be calculated as 4.47x10™*,
By considering that all of the injected nanofluid will be accumulated inside of a sphere with an
8 mm diameter at the beginning, the initial concentration of MNPs in this sphere will be calcu-
lated as 1669 mol m™>. Transport of diluted species physic is considered in COMSOL software
and diffusion of these MNPs is simulated inside of the tumor and breast porous media. A
time-dependent study is considered and the diffusion process is considered to be equal to 24
hours. It means that after injection of nanofluid, one day will be given to the nanofluid to dif-
fuse completely inside the tumor area. So, after 1 day of injection, the patient will come for the
MFH therapy. By considering the diameter of MNPS equal to 19 nm and based on Eq 2, the
diffusion coefficient can be calculated as 5.01x10™"" m*s™". The concentration distribution of
the MNPs in the tissue will be simulated in this step.

Diffusion of MNPs inside tumour and breast tissue will change the effective thermal and
dielectric properties of tissue. These effective properties can be calculated based on the amount
of volume fraction of MNPs in tissue. Effective properties of ferrofluid saturated tissues can be
calculated as follows [6, 41-43]:

Vn
0=—" (19)
tissue
Pef = (1 - 0)ptissue + gpMNPs (20)
Cp.ef = (1 - H)Cp.tissue + BCP.MNPS (21)

(23)

Ot O tissue O MNps

In the above equations, 6, V, p, ¢, k, and o are volume fraction of MNPs in tissue, volume, den-
sity, specific heat in constant pressure, thermal conductivity, and electrical conductivity,

PLOS ONE | https://doi.org/10.1371/journal.pone.0274801 September 21, 2022 11/30


https://doi.org/10.1371/journal.pone.0274801.t001
https://doi.org/10.1371/journal.pone.0274801

PLOS ONE Numerical study of magnetic hyperthermia ablation of breast tumor on an anatomically realistic breast phantom

respectively. It should be emphasized that 0 is different from the VF mentioned previously. 0 is
the volume fraction of MNPs in whole tissue while VF is the volume fraction of MNPs in just
nanofluid. The concentration of the MNPs in tissue can easily be converted into the volume frac-
tion of MNPs in tissue by the use MNPs density and molar mass. Therefore, by using the concen-
tration distribution of the MNPs obtained, all of the effective thermal and dielectric properties of
tissue in each point of the breast tissue will be obtained according to the above equations. These
obtained effective properties will be utilized in the next steps of computer simulation.

2.4.2 Magnetic field simulation. After diffusion simulation, a magnetic field should be
generated, and the amount of heat and the fraction of necrotized tissue due to this heat rise
should be simulated. For this purpose, two physics, magnetic fields and bioheat transfer,
should be coupled together. For the magnetic field generation, seven circular copper coils con-
sidered that each coil carries 400 A current. A transient frequency analysis is considered for 30
minutes of the MFH process, and the frequency is considered to be 400 kHz. The generated
magnetic field will be obtained in this step.

2.4.3 Bioheat transfer simulation. Bioheat transfer physic considers free heat convection
and radiation to the ambient air at the breast’s skin. Also, blood perfusion has a significant
impact on cooling the breast and tumour area. So, it is also considered (as seen in Eq 15). The
properties of blood and blood perfusion rate and the metabolic heat source for each of the tis-
sue types are mentioned in Table 1. Thermal damage is added, and the Arrhenius kinetics for-
mula (Eq 16) calculates the fraction of necrotic tumours. In this step, the amount of induced
heat inside tissue and the fraction of necrotized tissue will be simulated.

2.4.4 Boundary conditions. Boundary conditions considered for each of these mentioned
three physics are shown in Fig 5.

As seen in this figure, for the transport of diluted species physics, the boundary condition
for all outer boundaries of the breast phantom is considered no flux. For the magnetic fields
physic, the boundary condition for every side of the hypothetical tube is assumed to be the
impedance boundary condition, and air properties are defined as the material properties
needed for these boundaries. For the bioheat transfer physic, both heat flux and surface to
ambient radiation are considered for the skin boundaries to apply the free heat convection and
radiation to the ambient air. Also, the symmetry boundary condition is considered for other
boundaries except for the skin. Since these boundaries are located inside the body, it is consid-
ered that the heat flux across the boundary is zero, and the most similar boundary to reality is
the symmetry boundary. The formulation for all these boundary conditions mentioned are as
follows [44]:

No flux: =% - ¢, =0 (24)
Impedance boundary condition : ‘uoi'u,'ﬁ xH+E — (7 F) w
V &€ —jo/o
- (7-E)7-E (25)
Convective heat flux : —n-¢q = h(T_ —T) (26)
Surface to ambient radiation : —n - ¢ = o, (T2, — T*) (27)
Symmetry : —n- g =0 (28)
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Fig 5. Boundary conditions considered in different physics, (a) transport of diluted species, (b) magnetic fields, and (c) bioheat transfer.

https://doi.org/10.1371/journal.pone.0274801.9005
- = =
In the above equations, 7, @ ;, to» s €0» € J> 0 @, H, E, E,, q’> h, Too, T, € and ogp are sur-

face normal vector, diffusive flux vector of component i, the permeability of free space, relative
permeability, the permittivity of free space, relative permittivity, imaginary unit, electrical con-
ductivity, angular frequency, vector of magnetic field, vector of electric field, vector of the
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electric field on the surface, vector of heat transfer, convection heat transfer coefficient, ambi-
ent temperature, temperature, surface emissivity, and Stefan-Boltzmann constant (5.67x10™®
Wm?K™, respectively.

2.4.5 Material properties. All different material properties considered and utilized in the
current study are as follows. the heat convection coefficient is considered to be 5 W m ™K™' for
free heat convection of breast skin with the ambient air [45, 46]. The ambient temperature is
considered to be 293.15 K and the surface emissivity of the skin is considered equal to 0.98
[47]. All of the utilized properties of different materials considered in the current study are
mentioned in Table 1. Nanofluid’s effective properties can be calculated according to the for-
mulas mentioned in reference [48] and mentioned in Table 1 as well.

In the above table, p, C,, k, €, 0, Qmer and wy, are density, specific heat in constant pressure,
heat conductivity, relative permittivity, electrical conductivity, metabolic heat generation rate,
and blood perfusion rate respectively.

It should be mentioned that the discretization methods used in our simulations are linear
for the Transport of diluted species physic, quadratic for the magnetic fields physic, and qua-
dratic Lagrange for the bioheat transfer physic. All simulations are performed by a system
equipped with an Intel Core i5-8600 Processor at 3.10 GHz and 32 GB DDR4 RAM, and the
computation time for each simulation is approximately 27 hours.

Three sliced surfaces are evaluated to assess the simulation results, where the x-y, x-z, and
y-z surfaces intersect the tumour’s centre. Fig 6 names and illustrates them. In addition, 7
observation points on cut surface 1 (shown in Fig 6) are considered for explaining results in
various tumour areas. Each of these points has a 2 mm distance from the adjacent point. These
points and their associated numbers are shown in Fig 7.

2.5 Mesh study

A few samples of the computational mesh are constructed, and the amount of temperature
increase in the centre of the tumour is measured after 30 minutes of therapy under the mag-
netic field to study grid independency. A suitable number of grids is determined by balancing
the expense of computational capabilities with the precision of simulation results. When the
finer computational meshes do not affect the simulation results, the most refined grid is
obtained to provide a reasonable grid independence level. Fig 8 shows the findings of this
mesh study.

As shown in Fig 8, as the number of grids increases, the temperature rise in the tumour
core approaches a nearly constant level. Table 2 shows the quantitative amounts and contrasts
(errors that occur between them) of several meshed cases considered with the goal of deter-
mining the best case. The temperatures for cases 4 and 5 are substantially equal in Fig 8 and
Table 2. Thus, case 4 is selected as the best option for reducing computational expenses.

Fig 9(A) depicts the optimal mesh that was constructed. For a clearer presentation of the
mesh grid and to observe the created mesh inside of the different tissues, the meshed model is
sliced and illustrated in Fig 9(B).

2.6 Validation

In order to validate our method of simulation, first, the diffusion phenomenon (transport of
diluted species physic) is validated with two different studies. Next, the heat induction phe-
nomenon (magnetic field coupled with bioheat transfer physic) is validated by two different
studies as well. These two validation steps are as follows:

2.6.1 Diffusion phenomenon. For validating the diffusion of MNPs inside the tumor and
breast, the diffusion of a spherical source that the diffusion substance is initially distributed
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Fig 6. Considered cut surfaces that pass through the center of the tumor.
https:/doi.org/10.1371/journal.pone.0274801.9g006

uniformly through a sphere (like our simulations) is simulated in COMSOL and compared
with the analytical results of Crank’s study [56] and also simulation results of Suleman et al.’s
study [10]. Suleman et al. validated their own simulations with Crank’s investigation before.
Thus, we validated our simulation with both of these results.

Based on Crank’s analytical study, the concentration ¢ at radius r and time ¢ for a spherical
source of radius a with a uniformly initial concentration of ¢, can be formalized as follows

[56]:
1 a—r a+tr c, [Dt N )
c=—c,] erf + erf } -2 \/— e(=(a=n"/4Dt) _ e(={a+r)"/4Dt) 29
2 0{ 2v/Dt o2v/Dtf r V= | ] 29)

In the above equation, ¢, ¢y, a, 1, D, and t are concentration, the initial concentration of the
source sphere, radius of the source sphere, radius, diffusion coefficient, and time respectively.
The plot of concentration distribution for a spherical source and at (Dt/a®)"* = 1/4 from
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Fig 7. Position of observation points and their considered numbers on the cut surface 1.

https://doi.org/10.1371/journal.pone.0274801.9g007

Crank’s study along with the same plots resulting from simulation by Suleman et al. and by us
are shown in Fig 10 for comparison.

As can be seen, there are small gaps between our simulation, Suleman et al. simulation, and
Crank’s analytical study results. These little variations can be regarded as tolerable
inaccuracies.

2.6.2 Heat induction phenomenon. To validate the simulation of heat induction inside
tumour and breast tissues, we selected the Miaskowski et al. simulation results. Suleman et al.
validate their simulation with their results, and we validate ours with both Miaskowski et al.’s
simulation results and the results of Suleman et al.’s validation section.

Miaskowski et al. considered five concentric planar coils with a current equal to 400 A and
frequency equal to 150 kHz to generate a magnetic field at the breast model area. They also
considered that the MNPs only exist inside the tumour, and their concentration is uniform in
every part of the tumour. An identical simulation model to Miaskowski et al. with the same fre-
quency, coil arrangement, and coil winding number is considered for validation. So, a different
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Fig 8. Grid independency test in the present study.

https://doi.org/10.1371/journal.pone.0274801.g008

model with a planar coil with a frequency of 150 kHz same as Miaskowski et al. is created for
the validation. The point with the maximum temperature obtained in the whole breast model
is considered and the plot of temperature difference of this point during 20 minutes of expo-
sure is compared with Miaskowski et al. and Suleman et al.’s plots. It should be mentioned that
in our simulation, the point with the maximum temperature obtained is the centre of the
tumor. The plot of this comparison is shown in Fig 11.

As can be seen, the plot in the present study agrees well with the plots of Miaskowski et al.
and Suleman et al. study. A relative error analysis is performed for a more quantitative com-
parison and is shown in Table 3. In this table, the maximum temperature difference obtained
in the breast model after 1200 s for our simulation and Miaskowski et al. and Suleman et al.’s
simulations is mentioned and compared. As demonstrated in Table 3, a satisfactory percentage
rate of relative error has occurred between the acquired results and the simulation results by
Miaskowski et al. and Suleman et al. Hence, our simulation method works well.

3. Results and discussion

This section will illustrate results acquired from different simulated physics in 4 different sub-
sections. First, MNPs concentration distribution in tumours and breast tissue due to the diffu-
sion phenomenon will be shown. Then, the magnetic field generated and the induced
temperature distribution in the breast model will be shown. In the end, the distribution of

Table 2. Quantitative amounts and relative errors of different cases.

Case
1

2
3
4
5

https://doi.org/10.1371/journal.pone.0274801.t1002

Grid Elements

787281
1098554
1447355
1681217
1901874

Temperature increment (K) % Relative error in comparison with the optimum case
10.97014 -7.689%
11.47103 —3.474%
11.82971 —-0.456%
11.88392 =
11.88671 +0.023%
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Fig 10. Comparison among current simulation, Suleman et al. simulation, and Crank analytic study plots of
concentration distribution for a spherical source with uniformly initial concentration distribution.

https://doi.org/10.1371/journal.pone.0274801.9010

necrotized tissue fraction will be presented, and the amount of tumour and breast tissues that
dies due to the temperature rise will be evaluated.

3.1 Concentration distribution of MNPs

As mentioned before, after injection of the magnetic fluid in the centre of the tumour, total
amount of magnetic fluid accumulates in a sphere with a radius equal to 4 mm. A duration of
1 day is given to the MNPs to diffuse completely inside the tumour and breast tissues. Thus,
the concentration distribution of these MNPS inside the breast after one day is shown in Fig
12. The concentration contours for different mentioned cut surfaces along with the 3D view
are shown in this figure.

Because of the existed concentration gradient, a net flow of MNPs will be created from a
region of high concentration to a region of low concentration. This diffusion process results
from the random motion of molecules. As can be seen in this figure, MNPs diffuse inside
tumour tissue and, after that, a little inside the fatty breast tissue. The initial concentration of
MNPs was considered to be 1669 mol m™ in the sphere with a radius equal to 4 mm. After dif-
fusion, the maximum concentration reached around 301.5 mol m™ in the center of the tumor
and gradually decreased by moving away from the center of the tumor. For a better illustration
of the results relevant to the diffusion phenomenon, the plot of the MNPs concentration versus
time at different specified points and also the plot of the concentration of MNPs versus dis-
tance from the tumour’s center at different times are shown in Fig 13.

As shown in Fig 13(A), due to the diffusion phenomenon, concentration in the centre or
near centre points of the tumour decreases through time, and the concentration of points
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Fig 11. Comparison among current simulation, Suleman et al. simulation, and Miaskowski simulation plots of the
maximum temperature in the breast model versus time.
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farther from the centre of the tumour rises through time. Also, in Fig 13(B) you can see the
concentration distribution at different times. It can be seen that gradually MNPs are diffusing
to the outer parts of the tumour and a little bit to the adjacent fatty tissue. After simulating the
diffusion phenomenon, a magnetic field should be generated to induce heat in the tumour
area. This generated magnetic field is shown in the following subsection.

3.2 Magnetic field generated

Using seven circular copper coils mentioned that each coil carries a 400 A alternative current
with a frequency equal to 400 kHz, generating a magnetic field in the breast area. The contour
of the module of the magnetic flux density and the magnetic streamlines are shown in Fig 14.
The contour and streamlines are shown for the three planes (x-y, z-y, and x-z surfaces) that
pass through the middle of geometry (middle of the hypothetical cube).

The alternative current passing through the coils will create a changing electric field. This
changing electric field will create an AC magnetic field at the location of the coils. Fig 14
depicts the generated magnetic field inside the coils. As can be seen, the module of the mag-
netic flux density is higher in areas near the coil and decreases by getting far from it. The maxi-
mum amount of the generated magnetic induction norm is around 0.03 T. This value is

Table 3. Comparison between present simulation results and Miaskowski et al. and Suleman et al.’s simulation results [6, 10].

Maximum temperature difference in the breast model after 1200 s (°C) | % Relative error with Miaskowski’s result % Relative error with Suleman’s result
Current study Miaskowski’s result [6] Suleman’s result [10]
6.948 6.803 6.676 2.13% 4.07%

https://doi.org/10.1371/journal.pone.0274801.t003
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Fig 12. Distribution of MNPSs’ concentration after 1 day of diffusion, (a) cut surface 1, (b) cut surface 2, (c) cut surface 3, (d) 3D view.
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considered to be constant during the 30 minutes of exposure (therapy), and the temperature
produced at the tumour area is obtained during this time.

There are several magnetic field exposure limits expressed by different researchers. For
instance, Atkinson and Brezovich [57] proposed Hxf = 4.85e+08 A m ™' s as the safe exposure
limit, where H and f are magnetic field intensity and frequency, respectively. Their test was
based on the patient withstanding the treatment for more than one hour without any major
discomfort. In our simulation, the maximum amount of magnetic field magnitude obtained in
the tumor area is equal to 13.3 mT (10583.8 A m™"). So, the highest amount of Hxfin the
tumor area is equal to 4.23e+09 A m~' s”". This amount is higher than the Atkinson-Brezovich
limit but still is lower than Hergt-Dutz [58], Kossatz et al. [59], and Mamiya [60] limits equal
to 5e+09 Am™' 57!, 8.3e+09 Am™' 57!, and 18.7e+09 A m™' 57!, respectively. Considering that
our exposure time is 30 minutes and not 1 hour, this generated magnetic field can be
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Fig 13. Concentration of MNPs versus, (a) time at different considered points, (b) distance from tumor’s center at different times.
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o

considered safe. Different magnetic field intensities and frequencies can be opted by the clini-
cian to reduce the feeling of discomfort for the patient.

3.3 Temperature distribution

The conversion of heat from magnetic nanoparticles via magnetic energy loss will lead to a
temperature increase at the location of MNPs. This heat generated will be transferred to other
parts of the tumor and if the temperature rise is high enough it would kill the tissues. The pro-
duced temperature distribution after 30 minutes on different mentioned cut surfaces along
with the 3D view is shown in Fig 15.

As can be seen in this figure, the temperature has risen in the tumor area and the maximum
temperature achieved is about 51.4°C. This temperature increase will lead to necrosis and the
death of tumor cells. For a better elaboration of the results, the plot of the temperature gener-
ated versus time at different specified points and also the plot of the temperature versus dis-
tance from the tumor’s center at different times are shown in Fig 16.

In Fig 16(A) and 16(B), it can be seen that temperature at different points rises to a maxi-
mum temperature due to the magnetic field excitation and, after that, reduces a little bit and
stay constant for the rest of the exposure time. This little reduction in temperature is due to the
blood perfusion and heat conduction to the outer areas of the tumour. The heat generation
rate due to the magnetic field exposure is higher than this heat sink rate due to the blood perfu-
sion and heat conduction, so it takes a little more time to reach the equilibrium temperature.
This temperature fall after the initial heat increment is due to this phenomenon.

Also, it can be seen that the amount of temperature increase is higher at points near the
tumour centre and will decrease by going farther from the tumour centre, which is rational
due to the higher concentration of MNPs at the centre of the tumour. However, the interesting
thing is that in point 3 (the point at 4 mm distance from the tumour’s centre), the temperature
rise is higher than in point 1 (the point at the centre of the tumour). This phenomenon lies in
the sinusoidal nature of the magnetic field. As shown in Fig 15, the temperature rise in two
areas on the left and right sides of the tumour’s centre is higher than its centre. The magnetic
field peak occurred in these areas and not precisely at the tumour’s centre. So, for comparison
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Fig 14. Magnetic flux density norm, (a) x-y surface, (b) z-y surface, (c) x-z surface, (d) 3D view.

https://doi.org/10.1371/journal.pone.0274801.9014

of temperature rise between points 1 and 3 that have approximately the same amount of
MNPs concentrations (shown in Fig 13(B)), point 3 will reach higher temperatures because it
is located at the magnetic field peak.

3.4 Distribution of necrotized tissue fraction

The temperature increase in the tumor area will lead to the ablation of tumor cells. When tis-
sue temperature rises above a certain threshold, an irreversible cellular injury will occur, with
interruption of metabolic processes. The distribution of the fraction of necrotic tissue after 30
minutes is shown in Fig 17. In this figure, the contour of the fraction of necrotic tissue on dif-
ferent mentioned cut surfaces along with the 3D view of the breast is illustrated.

As shown in Fig 17, approximately all tumour tissues are ablated after 30 minutes of expo-
sure, and a small portion of the normal tissues adjacent to the tumour has been destroyed. By
comparing this figure with Fig 15, the relation between the amount of the necrotic tissue frac-
tion and the temperature rise can be seen. Obviously, in areas with higher induced
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Fig 15. Distribution of temperature after 30-min-exposure to the magnetic field, (a) cut surface 1, (b) cut surface 2, (c) cut surface 3, (d) 3D view.

https://doi.org/10.1371/journal.pone.0274801.9015

temperatures, the amount of tissue that will be ablated after 30 minutes of exposure will be
higher. The plot of the fraction of necrotic tissue versus time at different specified points and
also the plot of the fraction of necrotic tissue versus distance from the tumour’s centre at differ-
ent times are shown in Fig 18.

As can be seen in this figure, the fraction of necrotized tissue will increase through the expo-
sure time. This is rational because, through exposure time, tumour tissues will remain longer
at high temperatures, leading to a higher proportion of cell damage. It can be seen that after 30
minutes of exposure, 100% of tumour tissues (points 1 to 5) are ablated, and some of the nor-
mal tissues adjacent to the tumour are ablated as well (points 6 and 7). Also, as said before, the
fraction of necrotic tissue directly relates to the temperature. Thus, the fraction of necrotic tis-
sue in areas with higher temperatures will be higher. This is the reason why a higher fraction
of necrotic tissue will be obtained sooner in point 3, for example in comparison with point 1.

It should be mentioned that the overheating of adjacent tissues is unavoidable but can be
reduced by changing different parameters such as the amount of nanofluid injected, frequency
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and amplitude of the magnetic field, and exposure time. This depends on the different MFH
therapeutic procedures chosen by the clinician.

4. Conclusions

MFH can be considered one of the novel options available for ablation of deep-seated tumours
like breast tumours, consisting of injection of magnetic nanofluid in the tumour area and
exposure of the breast to an external magnetic field. This magnetic field will induce heat at the
location of MNPs and lead to necrosis of tumour tissues. In the present investigation, the per-
formance of a 3D mathematical modelling that can consistently solve the entire MFH phe-
nomenon problem is examined. First, some of the outcomes of the present work are compared
to other research outcomes cited in the article (to verify the simulation procedure). Afterward,
an ARBP is utilized, and governing equations for all involving physics are solved numerically.
MNPs concentration distribution, generated magnetic flux density, induced temperature dis-
tribution, and distribution of the necrotic tissue fraction are obtained in different steps for
depicting the MFH phenomenon.

Results indicate that by injecting 0.1 mL diluted nanofluid consisting of magnetite MNPs
with the base fluid water and using seven circular copper coils that each winding carries a 400
A alternative current with a frequency equal to 400 kHz, the temperature in tumour tissue can
be raised to a maximum of about 51.4°C that leads to necrosis of entire tumour tissue after 30
minutes of EMF exposure.

The current simulation method can depict all the different physics involved in the MFH of
the breast tumour in detail. This numerical platform can be used as an effective and reliable
technique for predicting the outcome of any MFH process with different therapeutic condi-
tions. various conditions may be applied based on each patient with specific tumour shapes
and sizes (different levels of cancer development). These conditions are a higher or lower
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amount of magnetic nanofluid to be injected, a stronger or weaker magnetic field (higher or
lower value of coil’s current or frequency) to induce higher or lower temperature in the
tumour, and longer or shorter exposure time. This numerical platform can be utilized as an
initial clinical tool for predicting and identifying the approximate results (the value of temper-
ature rise and the fraction of tumour tissue cells that will be destroyed) for helping clinicians
to choose the best therapeutic procedure based on different patients and different treatments
that may be required. Also, this numerical platform can be used as a prediction tool to improve
MFH experimental setups. By utilizing this platform, without any excessive expenses, it can be

concluded that by changing each parameter in an MFH experimental setup how outcomes
would be altered.
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For achieving the current results, several physical factors have been simplified to solve the
governing equations. This is one of the limitations of the discussed approach. Thus, this
approach needs further modifications based on experimental results. For modifying this
numerical simulation platform in order to obtain more accurate results, several in-vivo experi-
ments should be performed and their results should be compared with the current numerical
method’s results. The current numerical method should be modified accordingly. Therefore,
as a future research direction, for the next step, several in-vivo and clinical experiments should
be carried out. This numerical platform should be modified and improved based on the
obtained results in order to be ready for utilization in clinical applications.

Supporting information

S1 Data.
(XLSX)

Author Contributions

Conceptualization: Reza Rahpeima, Chao-An Lin.
Data curation: Reza Rahpeima.

Formal analysis: Reza Rahpeima.

Investigation: Chao-An Lin.

Methodology: Chao-An Lin.

Project administration: Chao-An Lin.

Supervision: Chao-An Lin.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274801 September 21, 2022 27/30


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274801.s001
https://doi.org/10.1371/journal.pone.0274801.g018
https://doi.org/10.1371/journal.pone.0274801

PLOS ONE Numerical study of magnetic hyperthermia ablation of breast tumor on an anatomically realistic breast phantom

Validation: Reza Rahpeima.

Visualization: Reza Rahpeima.

Writing - original draft: Reza Rahpeima.

Writing - review & editing: Chao-An Lin.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer J Clin. 2021; 71(1):7-33.
https://doi.org/10.3322/caac.21654 PMID: 33433946

Johannsen M, Gneveckow U, Eckelt L, Feussner A, Walddfner N, Scholz R, et al. Clinical hyperthermia
of prostate cancer using magnetic nanoparticles: presentation of a new interstitial technique. Int J
Hyperthermia. 2005; 21(7):637—-647. https://doi.org/10.1080/02656730500158360 PMID: 16304715

Brezovich IA, Atkinson WJ, Lilly MB. Local hyperthermia with interstitial techniques. Cancer Res. 1984;
44(10 Supplement):4752s—-4756s. PMID: 6380712

Goldstein LS, Dewhirst MW, Repacholi M, Kheifets L. Summary, conclusions and recommendations:
adverse temperature levels in the human body. Int J Hyperthermia. 2003; 19(3):373-384. https://doi.
org/10.1080/0265673031000090701 PMID: 12745976

Moroz P, Jones SK, Gray BN. Magnetically mediated hyperthermia: current status and future directions.
Int J Hyperthermia. 2002; 18(4):267—-284. https://doi.org/10.1080/02656730110108785 PMID:
12079583

Miaskowski A, Sawicki B. Magnetic fluid hyperthermia modeling based on phantom measurements and
realistic breast model. IEEE Trans Biomed Eng. 2013; 60(7):1806—1813. https://doi.org/10.1109/
TBME.2013.2242071 PMID: 23358949

Cervadoro A, Giverso C, Pande R, Sarangi S, Preziosi L, Wosik J, et al. Design maps for the hyperther-
mic treatment of tumors with superparamagnetic nanoparticles. PLoS One. 2013; 8(2):e57332. https://
doi.org/10.1371/journal.pone.0057332 PMID: 23451208

Miaskowski A, Sawicki B, Krawczyk A, Yamada S. The application of magnetic fluid hyperthermia to
breast cancer treatment. Przeglad Elektrotechniczny. 2010; 86(12):99-101.

Attar MM, Barati F, Rezaei G, Adelinia B. In-vitro experimental analysis of magnetic fluid hyperthermia
in soft tissue with artificial blood perfusion. J Mech Sci Technol. 2017; 31(1):465-472. https://doi.org/10.
1007/512206-016-1249-4.

Suleman M, Riaz S. 3D in silico study of magnetic fluid hyperthermia of breast tumor using Fe304 mag-
netic nanoparticles. J Therm Biol. 2020; 91:102635. https://doi.org/10.1016/j.jtherbio.2020.102635
PMID: 32716877

Miaskowski A, Subramanian M. Numerical model for magnetic fluid hyperthermia in a realistic breast
phantom: calorimetric calibration and treatment planning. Int J Mol Sci. 2019; 20(18):4644.

Gas P, Miaskowski A, Subramanian M. In silico study on tumor-size-dependent thermal profiles inside
an anthropomorphic female breast phantom subjected to multi-dipole antenna array. Int J Mol Sci.
2020; 21(22):8597. https://doi.org/10.3390/ijms21228597.

Raouf I, Lee J, Kim HS, Kim M-H. Parametric investigations of magnetic nanoparticles hyperthermia in
ferrofluid using finite element analysis. Int J Therm Sci. 2021; 159:106604. https://doi.org/10.1016/j.
ijthermalsci.2020.106604.

Suleman M, Riaz S, Jalil R. A mathematical modeling approach toward magnetic fluid hyperthermia of
cancer and unfolding heating mechanism. J Therm Anal Calorim. 2021; 146(3):1193-1219. https://doi.
org/10.1007/s10973-020-10080-8.

Neto CD, Buabssi YP, Vargas JVC, Balmant W, Mariano AB. COB-2021-1070 A simplified mathemati-
cal model to predict the human breast thermal response. https://doi.org/10.26678/ABCM.COBEM2021.
C0OB2021-1070.

Gas P, Miaskowski A, Dobrowolski D. Modelling the tumor temperature distribution in anatomically cor-
rect female breast phantom. Przeglad Elektrotechniczny. 2020; 96(2):146—149. https://doi.org/10.
15199/48.2020.02.35.

Gas P, Wyszkowska J. Influence of multi-tine electrode configuration in realistic hepatic RF ablative
heating. Arch Electr Eng. 2019; 68(3).

Tang Y-D, Zou J, Flesch RC, Jin T. Effect of injection strategy for nanofluid transport on thermal dam-
age behavior inside biological tissue during magnetic hyperthermia. Int Commun Heat Mass Transf.
2022; 133:105979.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274801 September 21, 2022 28/30


https://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
https://doi.org/10.1080/02656730500158360
http://www.ncbi.nlm.nih.gov/pubmed/16304715
http://www.ncbi.nlm.nih.gov/pubmed/6380712
https://doi.org/10.1080/0265673031000090701
https://doi.org/10.1080/0265673031000090701
http://www.ncbi.nlm.nih.gov/pubmed/12745976
https://doi.org/10.1080/02656730110108785
http://www.ncbi.nlm.nih.gov/pubmed/12079583
https://doi.org/10.1109/TBME.2013.2242071
https://doi.org/10.1109/TBME.2013.2242071
http://www.ncbi.nlm.nih.gov/pubmed/23358949
https://doi.org/10.1371/journal.pone.0057332
https://doi.org/10.1371/journal.pone.0057332
http://www.ncbi.nlm.nih.gov/pubmed/23451208
https://doi.org/10.1007/s12206-016-1249-4
https://doi.org/10.1007/s12206-016-1249-4
https://doi.org/10.1016/j.jtherbio.2020.102635
http://www.ncbi.nlm.nih.gov/pubmed/32716877
https://doi.org/10.3390/ijms21228597
https://doi.org/10.1016/j.ijthermalsci.2020.106604
https://doi.org/10.1016/j.ijthermalsci.2020.106604
https://doi.org/10.1007/s10973-020-10080-8
https://doi.org/10.1007/s10973-020-10080-8
https://doi.org/10.26678/ABCM.COBEM2021.COB2021-1070
https://doi.org/10.26678/ABCM.COBEM2021.COB2021-1070
https://doi.org/10.15199/48.2020.02.35
https://doi.org/10.15199/48.2020.02.35
https://doi.org/10.1371/journal.pone.0274801

PLOS ONE Numerical study of magnetic hyperthermia ablation of breast tumor on an anatomically realistic breast phantom

19.

20.

21.

22,

23.

24,

25.
26.
27.
28.

29.

30.

31.

32.

33.

34.
35.
36.

37.
38.
39.

40.

4.

42,

43.

44,
45,

46.

47.

Rajput J, Nandgaonkar A, Nalbalwar S, Wagh A. Heat flow modeling for controlled focusing of micro-
wave hyperthermia of breast cancer: a computational feasibility study. Int J Adv Sci Eng Inform Technol.
2021; 11(4):1281-1287.

Ling WV, Lias K, Buniyamin N, Basri HM, Narihan MZA. SAR distribution of non-invasive hyperthermia
with microstrip applicators on different breast cancer stages. Indones J Electr Eng Comput Sci. 2021;
22(1):232-240.

Nizam-Uddin N, Abdulkawi WM, Elshafiey |, Sheta A-FA. Towards an efficient system for hyperthermia
treatment of breast tumors. Biomed Signal Process Control. 2022; 71:103084.

Zastrow E, Davis S, Lazebnik M, Kelcz F, Van Veen B, Hagness S. Database of 3D grid-based numeri-
cal breast phantoms for use in computational electromagnetics simulations. IEEE Trans Biomed Eng.
2008; 55(12):2792-2800.

Sohail A, Ahmad Z, Bég OA, Arshad S, Sherin L. A review on hyperthermia via nanoparticle-mediated
therapy. Bull Cancer. 2017; 104(5):452—-461. https://doi.org/10.1016/j.bulcan.2017.02.003 PMID:
28385267

Dennis CL, Ivkov R. Physics of heat generation using magnetic nanoparticles for hyperthermia. Int J
Hyperthermia. 2013; 29(8):715-729. https://doi.org/10.3109/02656736.2013.836758 PMID: 24131317

Fick A. Ueber diffusion. Ann Phys. 1855; 170(1):59-86.
Tipler PA, Mosca G. Electricity and magnetism, light & elementary modern physics. Freeman; 2004.
Comsol AB. COMSOL Multiphysics-AC/DC Module, User’s Guide. 2015. p. 79.

Rosensweig RE. Heating magnetic fluid with alternating magnetic field. J Magn Magn Mater. 2002;
252:370-374.

Pennes HH. Analysis of tissue and arterial blood temperatures in the resting human forearm. J Appl
Physiol 1948; 1(2):93—-122. https://doi.org/10.1152/jappl.1948.1.2.93 PMID: 18887578

Laidler KJ. The development of the Arrhenius equation. J Chem Educ 1984; 61(6):494.

Wang H, Wu J, Zhuo Z, Tang J. A three-dimensional model and numerical simulation regarding thermo-
seed mediated magnetic induction therapy conformal hyperthermia. Technol Health Care. 2016; 24
(s2):S827-S839. https://doi.org/10.3233/THC-161211 PMID: 27198462

Comsol AB. COMSOL Multiphysics-Heat transfer module, User’s Guide. 2008. p. 166—167.

Paruch M. Mathematical modeling of breast tumor destruction using fast heating during radiofrequency
ablation. Materials. 2019; 13(1):136. https://doi.org/10.3390/ma13010136 PMID: 31905651

COMSOL Multiphysics® v. 5.6. www.comsol.com. Stockholm, Sweden: COMSOL AB. 2020.
https://uwcem.ece.wisc.edu/phantomRepository.html.

Radiology ACo. Breast imaging reporting and data system. BI-RADS. 20083. https://doi.org/10.1016/
S0033-8389(01)00017-3.

MATLAB. version 9.10.0 (R2021a). Natick, Massachusetts: The MathWorks Inc. 2021.
CATIA. Dassault Systemes. V5-6R2018 (V5R28). San Diego: Dassault Systemes. 2018.

Koh J, Kim MJ. Introduction of a New Staging System of Breast Cancer for Radiologists: An Emphasis
on the Prognostic Stage. Korean J Radiol. 2019; 20(1):69-82. Epub 12/27. https://doi.org/10.3348/kir.
2018.0231 PMID: 30627023.

Tang Y-d, Jin T, Flesch RC. Effect of mass transfer and diffusion of nanofluid on the thermal ablation of
malignant cells during magnetic hyperthermia. Applied Mathematical Modelling. 2020; 83:122—135.
https://doi.org/10.1016/j.apm.2020.02.010.

Weidenfeller B, Héfer M, Schilling F. Thermal and electrical properties of magnetite filled polymers.
Compos Part A Appl Sci Manuf 2002; 33(8):1041-1053.

Weidenfeller B, Hofer M, Schilling FR. Thermal conductivity, thermal diffusivity, and specific heat capac-
ity of particle filled polypropylene. Compos Part A Appl Sci Manuf 2004; 35(4):423-429.

Khan I, Weera W, Mohamed A. Heat transfer analysis of Cu and Al203 dispersed in ethylene glycol as
a base fluid over a stretchable permeable sheet of MHD thin-film flow. Sci Rep. 2022; 12(1):1-14.

COMSOL Multiphysics. 3.4, COMSOL AB, Stockholm, Sweden.

Valencia JJ, Quested PN. Thermophysical properties. ASM Handbook. 2013; 15:468—481. https://doi.
org/10.1361/asmhba0005240.

Edge E. Convective heat transfer coefficients table chart. Engineers Edge-Engineering, Design and
Manufacturing Solutions. 2000.

Charlton M, Stanley SA, Whitman Z, Wenn V, Coats TJ, Sims M, et al. The effect of constitutive pigmen-
tation on the measured emissivity of human skin. PLoS One. 2020; 15(11):e0241843. https://doi.org/
10.1371/journal.pone.0241843 PMID: 33237918

PLOS ONE | https://doi.org/10.1371/journal.pone.0274801 September 21, 2022 29/30


https://doi.org/10.1016/j.bulcan.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28385267
https://doi.org/10.3109/02656736.2013.836758
http://www.ncbi.nlm.nih.gov/pubmed/24131317
https://doi.org/10.1152/jappl.1948.1.2.93
http://www.ncbi.nlm.nih.gov/pubmed/18887578
https://doi.org/10.3233/THC-161211
http://www.ncbi.nlm.nih.gov/pubmed/27198462
https://doi.org/10.3390/ma13010136
http://www.ncbi.nlm.nih.gov/pubmed/31905651
http://www.comsol.com
https://uwcem.ece.wisc.edu/phantomRepository.html
https://doi.org/10.1016/S0033-8389(01)00017-3
https://doi.org/10.1016/S0033-8389(01)00017-3
https://doi.org/10.3348/kjr.2018.0231
https://doi.org/10.3348/kjr.2018.0231
http://www.ncbi.nlm.nih.gov/pubmed/30627023
https://doi.org/10.1016/j.apm.2020.02.010
https://doi.org/10.1361/asmhba0005240
https://doi.org/10.1361/asmhba0005240
https://doi.org/10.1371/journal.pone.0241843
https://doi.org/10.1371/journal.pone.0241843
http://www.ncbi.nlm.nih.gov/pubmed/33237918
https://doi.org/10.1371/journal.pone.0274801

PLOS ONE Numerical study of magnetic hyperthermia ablation of breast tumor on an anatomically realistic breast phantom

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

Raouf I, Gas P, Kim HS. Numerical Investigation of Ferrofluid Preparation during In-Vitro Culture of
Cancer Therapy for Magnetic Nanoparticle Hyperthermia. Sensors. 2021; 21(16):5545. PMCID:
PMC8402254, https://doi.org/10.3390/s21165545 PMID: 34450987, https://doi.org/10.3390/
521165545.

Soltani M, Rahpeima R, Kashkooli FM. Breast cancer diagnosis with a microwave thermoacoustic imag-
ing technique—a numerical approach. Med Biol Eng Comput. 2019; 57(7):1497—-1513. https://doi.org/
10.1007/s11517-019-01961-8 PMID: 30919269

Rahpeima R, Soltani M, Kashkooli FM. Numerical study of microwave induced thermoacoustic imaging
for initial detection of cancer of breast on anatomically realistic breast phantom. Comput Methods Pro-
grams Biomed. 2020; 196:105606. https://doi.org/10.1016/j.cmpb.2020.105606 PMID: 32585474

Soltani M, Rahpeima R, Moradi Kashkooli F, Alipoor A, Torkaman P. Numerical modeling of breast can-
cer diagnosis with microwave thermo-acoustic imaging. Modares Mechanical Engineering. 2018; 18
(9):142—-150.

Gabriel C. Compilation of the dielectric properties of body tissues at RF and microwave frequencies.
King’s Coll London (United Kingdom) Dept of Physics, 1996.

Lunt RA, Jackson AJ, Walsh A. Dielectric response of Fe203 crystals and thin films. Chem Phys Lett.
2013; 586:67—69. https://doi.org/10.1016/j.cplett.2013.09.0283.

Bagheli S, Fadafan HK, Orimi RL, Ghaemi M. Synthesis and experimental investigation of the electrical
conductivity of water based magnetite nanofluids. Powder Technol. 2015; 274:426-430. https://doi.org/
10.1016/j.powtec.2015.01.050

Yang Y, Wang F, Zheng K, Deng L, Yang L, Zhang N, et al. Injectable PLGA/Fe304 implants carrying
cisplatin for synergistic magnetic hyperthermal ablation of rabbit VX2 tumor. PLoS One. 2017; 12(5):
e€0177049. https://doi.org/10.1371/journal.pone.0177049 PMID: 28472102

Crank J. The mathematics of diffusion: Oxford University Press; 1979.

Atkinson WJ, Brezovich IA, Chakraborty DP. Usable frequencies in hyperthermia with thermal seeds.
IEEE Trans Biomed Eng. 1984; BME-31(1):70-75. https://doi.org/10.1109/TBME.1984.325372 PMID:
6724612

Hergt R, Dutz S. Magnetic particle hyperthermia—biophysical limitations of a visionary tumour therapy.
J Magn Magn Mater. 2007; 311(1):187-192.

Kossatz S, Ludwig R, Dahring H, Ettelt V, Rimkus G, Marciello M, et al. High therapeutic efficiency of
magnetic hyperthermia in xenograft models achieved with moderate temperature dosages in the tumor
area. Pharm Res. 2014; 31(12):3274-3288. https://doi.org/10.1007/s11095-014-1417-0 PMID:
24890197

Mamiya H. Recent advances in understanding magnetic nanoparticles in AC magnetic fields and opti-
mal design for targeted hyperthermia. J Nanomater. 2013:752973. https://doi.org/10.1155/2013/
752973.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274801 September 21, 2022 30/30


https://doi.org/10.3390/s21165545
http://www.ncbi.nlm.nih.gov/pubmed/34450987
https://doi.org/10.3390/s21165545
https://doi.org/10.3390/s21165545
https://doi.org/10.1007/s11517-019-01961-8
https://doi.org/10.1007/s11517-019-01961-8
http://www.ncbi.nlm.nih.gov/pubmed/30919269
https://doi.org/10.1016/j.cmpb.2020.105606
http://www.ncbi.nlm.nih.gov/pubmed/32585474
https://doi.org/10.1016/j.cplett.2013.09.023
https://doi.org/10.1016/j.powtec.2015.01.050
https://doi.org/10.1016/j.powtec.2015.01.050
https://doi.org/10.1371/journal.pone.0177049
http://www.ncbi.nlm.nih.gov/pubmed/28472102
https://doi.org/10.1109/TBME.1984.325372
http://www.ncbi.nlm.nih.gov/pubmed/6724612
https://doi.org/10.1007/s11095-014-1417-0
http://www.ncbi.nlm.nih.gov/pubmed/24890197
https://doi.org/10.1155/2013/752973
https://doi.org/10.1155/2013/752973
https://doi.org/10.1371/journal.pone.0274801

