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Abstract

Purpose: Magnetic hyperthermia is a medical procedure for treating cancerous tumors that are
medically unsuitable for resection or other treatments. It involves injecting magnetic
nanoparticles (MNPs) into the cancerous tissue and applying an external alternating magnetic
field (AMF) to induce heat in the target tissue. Under the influence of an AMF at radiofrequency
range, eddy currents are generated, and MNPs are heated in the tumor's volume, resulting in
apoptosis or necrosis. The purpose of this study is to numerically analyze the power losses
generated by MNPs, such as specific loss power (SLP) and intrinsic loss power (ILP), as well
as the temperature distribution during magnetic hyperthermia concerning a tumor placed in an
anatomical model of the female breast. Methods: The AMF source was a helical induction coil
with an excitation current surrounding the female breast phantom. Numerical analysis was
based on the solving the Helmholtz equation for the magnetic vector-potential coupled with the
modified Pennes equation, using the finite element method (FEM). The numerical model under
consideration included the power dissipation generated by MNPs based on the linear response
theory, proposed by Rosensweig, and the Joule heating generated by eddy currents. Results:
The authors compared the effects of MNPs concentrations on the outcome thermal profiles of
irregularly shaped breast tumors. Additionally, tumor temperature. profiles and SLP/ILP
parameters were determined in the case of mobilized and immobilized MNPs. Conclusions:
MNPs immobilization within the tumor micreenvironment significantly diminishes magnetic
losses, with a corresponding reduction of approximately 30% in specific SLP/ILP parameter
values.
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1. Introduction

Breast carcinoma remains one of the leading malignancies diagnosed among women
worldwide [10]. There is a pressing demand for innovative therapies that minimize adverse side
effects while effectively reducing breast cancer mortality [7],[8]. Recently, significant progress
has been made in the field of loco-regional, minimally invasive hyperthermic therapies
[1],[21],[24], .such as radiofrequency (RF) ablation [13],[52] and microwave ablation
treatments [2],[5],[23],[38]. Beyond these methods, the use of magnetic nanoparticles (MNPS)
in targeted hyperthermia offers distinct advantages, including precise tumor localization and
protection of adjacent healthy tissues from thermal damage [9],[11],[32],[34],[50].

Magnetic fluid hyperthermia (MFH) relies on the capability of MNPs to generate heat
under exposure to an alternating magnetic field (AMF) [15],[30],[39],[43] commonly induced
by planar or helical coil systems [12],[33],[45],[51]. Controlled elevation of the local
temperature within the tumor microenvironment to the range of 40—45°C initiates cellular
mechanisms leading to necrosis or apoptosis of malignant cells [17],[47]. Over the past decade,
MFH has garnered substantial interest not only as a stand-alone treatment but also in synergistic
approaches combining chemotherapy or radiotherapy [3],[4],[34],[46].



The optimization and standardization of MFH therapies are critically dependent on
advanced modeling techniques and rigorous validation protocols [35]. Effective treatment is
predicated on maximizing cytotoxic effects while minimizing collateral tissue damage, thus
requiring precise heat characterization of MNPs and comprehensive treatment planning.
However, ethical concerns, high costs of clinical trials, and infrastructural limitations have
slowed the widespread adoption of exist in vivo studies, consequently hindering deeper clinical
understanding. Furthermore, strict safety regulations pertaining to eddy current induction and
magnetic field exposure necessitate careful adherence to accepted thresholds such as the
Atkinson-Brezovich (Hxf < 4.85x10% A/m/s) and Herz-Dutz (Hxf < 5x10° A/m/s) safety
exposure limits [37],[40]. Consequently, numerical simulations based on realistic anatomical
models have emerged as powerful tools for efficacy evaluation and risk assessment prior to
clinical translation.

In the similar studies, three-dimensional (3D) modeling. techniques were employed to
investigate the impact of MNP concentration, composite geometry, and hyperthermic treatment
parameters on thermal profiles in breast cancer therapy [28];[31],[32],[39]. Nevertheless, earlier
models often simplified breast anatomy into basic geometries suchas semi-ellipsoids or semi-
spheres [26],[38], thus failing to replicate the complexity of natural tissue heterogeneity. To
overcome these limitations, the present study focuses on developing a highly realistic numerical
breast phantom derived from magnetic resonance imaging (MRI) data [6], offering enhanced
anatomical accuracy. Additionally, the existing literature lacks--comprehensive numerical
models that account for both 3D temperature distribution arising from eddy currents and single-
domain magnetic power losses within‘anatomically correct breast structures. To bridge this gap,
the current investigation incorporates calorimetric  measurements performed on ferrofluids
using the magneTherm™ system [16],[29], ensuring precise calibration of heat generation
terms. Specific loss power (SLP) and intrinsic loss power (ILP) values validated through
calorimetry are subsequently used to simulate MFH-based breast cancer treatments with
enhanced fidelity.

It is important to note that the SLP values reported in standard laboratory settings
[41],[20] may not accurately reflect the in vivo environment, where factors such as blood
perfusion, tissue heterogeneity, and dynamic MNP-tissue interactions significantly influence
thermal: behavior. Therefore, .in this work, experimentally obtained SLP/ILP values were
adapted to realistic anatomical models for better predicting clinical outcomes.

Building on authors’ previous developments, which presented mathematical models of
single-domain magnetic losses and eddy current heating, we integrated these into a modified
Pennes bioheat equation to estimate the spatiotemporal evolution of temperature. This paper
further describes the anatomically accurate breast phantom developed for simulations, outlines
its physical parameters, and presents detailed analyses of spatially resolved volumetric power
SLP and ILP losses under varying MNP concentrations. Moreover, the distinct behaviors of
mobilized and immobilized MNPs within the tumor microenvironment were investigated,
shedding light on their respective contributions to localized heating efficiency. By
incorporating such comprehensive modeling strategies, this study aims to contribute to the
refinement of MFH protocols and to pave the way for more effective, safe, and personalized
breast cancer hyperthermia treatments.



2. Basic equations governing the model

The computational simulations were conducted using an MRI-derived 3D breast model,
featuring an irregularly shaped tumor, as previously detailed in the authors' previous studies
[14],[31]. The model represents the 35-year-old female breast classified in the 3rd class of
breast composition category C (heterogeneously dense, HD), comprising 51-75% glandular
tissue alongside major anatomical components such as breast fat, subcutaneous fat, muscle,
skin, and a realistic breast tumor structure, as illustrated in Fig. 1. The model have used
an irregularly shaped tumor with the total mass of 3.043 g and total volume of 2.791 cm?® [14],
as shown in Fig. 2.

Fig. 1. MRI-derived model of female breast phantom including main breast tissues

The physical properties assigned to the various breast tissues were sourced from the
Information Technologies in Society (IT’IS) database [18] and are listed in Table 1. Notably,
muscle breast tissue parameters were set for the'tumor. An RF coil with a radius Reoit = 10 cm,
consisting of 10 turns, was employed, with single coil winding current of lcoi = 100 A and an
excitation frequency f = 150 kHz positioned around the breast as shown in Fig. 2. Additionally,
the coil windings were modeled as being composed of copper, characterized by an electrical
conductivity of ¢=59.98 MS/m and a mass density of p = 8700 kg/m? [12], thus approximating
the behavior of a perfect electric conductor (PEC) material.

Table 1. Electro-thermal parameters for 150 kHz frequency employed in the analyzed model
[18] (o — electrical conductivity, p — mass density, C — specific heat capacity, x — thermal
conductivity, pmet — metabolic heat generation, wp — blood perfusion rate)

Tissues “ P c * Prmet @b
sim) | (kg/m®) | (koK) | owimiky | owmd) | (us)
skin 0.170 1109.0 3390.5 0.372 1826.52 | 0.001963
muscle 0.355 1090.4 3421.2 0.495 988.01 | 0.000674
breast gland 0.541 1040.5 2960.0 0.335 2417.08 | 0.002606
fat 0.057 911.0 2348.3 0.211 455,50 | 0.000502
breast fat 0.022 911.0 2348.3 0.209 663.03 | 0.000715
blood 0.660 1050.0 3617.0 0.520 0.0 0.175350
tumor 0.355 1090.4 3421.2 0.495 988.01 | Eq.(21)
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Fig. 2. Model of the 3D female breast phantom including naturalistic tumor and RF coil

2.1. Single-Domain Magnetic Power Losses Model

Based on linear response theory (LRT) [43], the heat dissipation within an individual
magnetic nanoparticle (MNP) can be described by the following relation:

n 1 " W
pnano =Ty ¥ fH & ETCHO X fH riax (?j (1)

where po = 4rn-10~" H/m represents the permeability of free space, and x" means out-of-phase
component of the complex magnetic susceptibility (y = ' + jx'"), associated with a single MNP,
defined as [25]:
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where kg denotes the Boltzmann constant, m = MsVm is the magnetic moment, Ms is the
saturation magnetization, Vwm is the magnetic core volume, and t corresponds to the effective
Néel-Brown relaxation time:

The specific loss power (SLP) and the intrinsic loss power (ILP) can be determined
according to the following formulations [25],[41]:
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The characteristic Néel (zn) and Brownian (zg) relaxation times, as functions of the AMF
amplitude Hmax, are given by [25]:
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where 78 = (35#VH)/(ksT) and 7 represents the magnetic fluid viscosity [48]. Furthermore,
h = Hmax/Hk and Hk = 2K/(uoMs) defines the anisotropy field, with anisotropy constant K and
fo = 10° s denoting the attempt frequency.

Moreover, for spherical nanoparticles, Vm and Vi correspond respectively to the MNP magnetic
core volume and the total hydrodynamic volume containing magnetic core of diameter d and
coating of thickness ¢, as described in [15],[41]:

Vo =d, V, =g(d +25)’ ()

The coexistence of the two relaxation mechanisms results in an effective relaxation time:

7(He) ™ = 7y (Hine) ™ + 75 (Hipa )™ (8)

It is important to note that the presented model incorporates several simplifying assumptions:
all MNPs are considered perfectly spherical, aggregation or chain formation, and inter-MNPs
interactions are neglected. Additionally, a uniform distribution of hydrodynamic particle sizes
is presumed. Under conditions of loww MNPSs concentration not exceed the maximum value of
¢ =5 mg/mL, dipole-dipole interactions between nanoparticles can be considered negligible at
room temperature. Therefare, in the present study, MNPs were treated as magnetically isolated
entities. The physical parameters of magnetite MNPs embedded within tumor tissue are listed
in Table 2.

Table 2. MNP properties employed.in-single-domain magnetic power losses [15], [30],[43]
(Ms—saturation magnetization, K—-anisotropy constant, ke—Boltzmann constant, T-temperature,
n—magnetic fluid" wiscosity ¢--concentration of MNPs, d-diameter of magnetic core,
o—thicknessMNP coating)

Ms K ks T n
(KA/m) | (kJ/m3) (IK) CC) | (kg/m/s) | (mg/mL) | (nm) | (nm)

92.0 30 1.38x 102 | 25 | 8.94x102 5.0 15 2.0

Material

magnetite
(Fe304)

2.2.Eddy Current Effect Model

When biological tissues are subjected to a RF ranged AMF, eddy currents are induced
due to the finite electrical conductivity of the tissues, ultimately causing heat generation.

The distribution of the AMF can be analyzed using the magneto-quasistatic approximation
applicable at low frequencies [27]:

J,=VxH=Vxu'B=Vxu'(VxA) 9)



where Je represents the excitation current density (A/m?), H is the vector of magnetic field
intensity (A/m), B denotes the vector of magnetic induction (T), A is the magnetic vector
potential (A m), and u = pour IS the magnetic permeability of the medium.

Utilizing the vector identity V x (V x A) = V(V-A) — V2A and applying the Coulomb
gauge condition (V-A = 0), Eq. (9) simplifies to:

J, ==V ('VA)=—p'V’A (10)

Furthermore, starting from Faraday’s law and employing the fundamental relation
between B and A vectors [15], namely:

vxE=_B (11)
ot
B=VxA (12)
the equivalent equations can be derived as:
VxE:—g(VxA):—Vx% (13)
ot ot
VX(E+6—Aj:O (14)
ot

where E (V/m) is a vector of electric field strength. After introducing the electric scalar potential
o (V), we get:

E:—V(p—% (16)

In order to account for the volumetric power density (peday) arising from the eddy current
(Jeaay) effect, a magneto-quasistatic model is utilized. Incorporating the potentials ¢ and A, the
governing equation can formulate as:
oA
Jeoy =0E=-0Vp—0— (17)
ot
where o is the electrical conductivity (S/m), and w = 2xf (rad/s) denotes the angular frequency.
Consequently, the volumetric heat generation due to eddy currents can be expressed as:

Pegay = G_l‘]ezddy (18)

A detailed discussion of eddy currents, also referred to as Foucault currents, is crucial
because their presence can cause unintended heating of non-targeted healthy tissues when
exposed to an AMF. Therefore, their influence must be carefully addressed during the
applicator design phase and throughout treatment planning.

Additionally, the vector of excitation current density generated by a multi-turn helical
coil with alternating current is modeled as [15]:

I _ |\“coil e (19)
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where | denotes the total current passing through the coil, N is the number of turns, lcoi is the
current in a single loop, S represents the cross-sectional area of the coil, and ecoil is the unit
vector tangent to the excitation coil.

2.3.Pennes Equation

A numerical framework for analyzing heat transfer within human tissues was originally
introduced by Pennes [36]. In this formulation, blood perfusion is treated as spatially uniform
across the tissue, with the assumption that all heat departing from the arterial blood is
completely absorbed by the surrounding tissue, neglecting any venous rewarming effects. What
is more, the Pennes model considers only a perfusion source term, presuming that the arterial
blood temperature matches the body’s core temperature.

Consequently, the thermal distribution in the breast model was evaluated using a modified
bioheat transfer equation [19],[36]:

oT
pC E =V- (K‘VT) + 0, Cb a, (T)(Tb _T)+ Prmet + Prano peddy (20)

where p is the tissue density (kg/m?), C is the tissue specific heat capacity (J/kg/K), pb is the
blood density (kg/m?), Cy is the blood specific heat capacity (J/kg/K), « represents the thermal
conductivity of tissue (W/m/K), w(T) is the temperature-dependent blood perfusion rate (1/s),
Ty is the arterial blood temperature (K), T is the local tissue temperature (K), pmet (W/m?)
denotes metabolic heat generation, Prano = pSLP (W/m?) represents external heat generation due
to magnetic nanoparticles (MNPs), and pedday (W/m?) accounts for the heat contribution from
eddy currents.

To incorporate temperature-dependent physiological regulation effects [49], the blood
perfusion rate in healthy breast tissues was considered as constant wu(T) = pw = const, whereas
the perfusion within tumor tissue was modeled as a nonlinear function described by [28]:

B ([T -3 m’
tumor(T)_O.4+0.4exp{ 580 } (kgsj (21)

a,

For simulating heat exchange between the skin surface and the external environment, a
mixed convection-radiation boundary condition was applied [22]:
oT
Kin E = ht (Text -
where h; = 40ssT 3 [28] is the combined heat transfer coefficient, wsin is the thermal
conductivity of the skin tissue, osg=5.67-10° W/m?/K* denotes the Stefan-Boltzmann
constant, and Text =25°C is the ambient temperature. The initial tissue temperature was
assumed as To = 37°C, while the arterial blood temperature was maintained at a constant
Tpb=37°C. All finite element method (FEM) simulations were performed using the
commercially available Sim4L.ife software [44].

T ) (22)

3. Simulation results and disscusion



The mathematical model described in the previous section was used to investigate the
temperature distribution during magnetic hyperthermia treatment.

The alternating current (AC) passing through the 10-turn coil (lcoit = 100 A, f = 150 kHz)
created an alternating electric field, which induced an AMF inside the RF coil as depicted in
Fig. 3a.
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Fig. 3. Magnetic field strength distributions inside the 10-turn RF coil: a) spatial distribution
on the xy-plane, and b) Hmax curves along the x-axis (blue) and z-axis (green)

In the middle of the excitation coil, magnetic field strength had value of Hmax = 10.3 KA/m (see
Fig. 3b), and in.the tumor location it has value of about 12 kA/m. The maximum exposure limit
in the breast tissues is.on the level of Hmax x f=16-10° x1.5-10° = 24-10% A/m/s. Although it
exceeds the Atkinson-Brezovich safety limit equal to 4.85-108 A/m/s, but does not exceed the
safety exposure limit defined by Hertz-Dutz (5-10° A/m/s) [3],[37]. Therefore, the MNP
hyperthermia may be considered safe for healthy breast tissues.

The volumetric power density due to the eddy currents was evaluated for frequency
f = 150 kHz, and their distributions, after a 25-min magnetic hyperthermia procedure, are shown
in Fig. 4. It is obvious that the highest value of eddy power density occurred on the skin tissue,
reaching 80 KW/m?. That is why the data was rescaled to the maximum value (40 kw/m?3), i.e.,
to one of the hot spots, which were placed in the model excluding the skin layer to improve
visualization. It is important to note that the presence of hot spots should be considered during
treatment planning as they are hard to predict and they can limit the amount of energy that can
be deposited in a patient’s body. Moreover, one should remember that maximal electrical power
losses will occur on the surface of the tumor (see Fig. 4b) as the eddy currents have to circulate



around the tumor center where they are the smallest. This sometimes can be used as an
advantage because high-conductivity tumors surrounded by low-conductivity tissues will have
a local eddy current flowing around the approximate center of the tumor leading to increased
heating of deep-seated tumors.

Fig. 4. Eddy currents power losses in xz-plane in the case of female breast model: a) without
tumor, and b) with tumor after the 25-min magnetic hyperthermia treatment

One can see that the tumor position has changed the power distribution pattern and the
hot spot shifted due to the physical properties of the tumor. It corresponds to the spatial
temperature distributions, presented in Fig:'5, where the temperature in breast tissues does not
exceed 40°C (see Fig. 5a); and the tumor temperature reaches a higher value of 39°C
(see Fig. 5b).

(a) (b)
Fig. 5. Temperature distributions in xz-plane due to eddy currents in the case of female breast
model: a) without tumor, and b) with tumor after the 25-min magnetic hyperthermia treatment

To enhance the thermal effect, magnetite MNPs were injected into the tumor and their
concentration was changed to control the temperature in the target tissue as shown in Fig. 6.
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Fig. 6. Temperature distributions in xz-plane inside the breast model (a,c,e) and on tumor
surface (b,d,e) due to MNPs concentrations in the case of relative MNPs concentrations
a), b) ¢r =1, c), d) ¢r=0.5, and e), f) ¢r = 0.3 with regard to maximum MNPs concentration
¢ =5 mg/mL after 25-min magnetic hyperthermia treatment.

In this investigation, three scenarios of MNP concentrations were considered,
determined by relative MNP concentrations ¢r = {1, 0.5, 0.3} with regard to maximum MNP
concentration ¢ = 5mg/mL. It should be noted that the higher the ferrofluid concentration, the



higher the tumor temperature values have been observed. The maximum temperatures at the
tumor surface were 45.9°C, 44.8°C, and 41.3°C, respectively. This means that even low
concentrations of magnetic fluid provide adequate therapeutic temperature levels for magnetic
hyperthermia treatment. To highlight the effect of MNP heating, temperature distributions were
mapped in the range from 25 to 43°C.

In the next part, particular interest was paid to the comparative analysis of MNP-tissue
interactions, and the heating rates of MNPs, which were determined using Néel and Brownian
relaxation losses that can be inappropriate for magnetic hyperthermia treatment. For a reliable
model of MNP heating, two cases were considered: 1) the mobilized MNPs free to move in the
tumor, where Néel and Brownian relaxation times are included in the tumor.as shown in Eq. (8);
2) the immobilized MNPs that can not move in the tumor, in which only Néel relaxation takes
place and is included in Eq. (8). Time-dependent tumor temperatureprofiles for mobilized and
immobilized MNPs in the case of different MNPs concentrations-are compared in Fig. 7.

The presented characteristics show that the tumor temperature after the 25-min
treatment exposure is always significantly higher in the case of mobilized than for immobilized
MNPs. Moreover, the values of maximum magnetic power losses.in the form of SLP/ILP
parameters for the different relative MNP concentrations ¢, are givenin Table 3. As expected,
the values of these parameters decrease with decreasing ferrofluid concentration, which is
reflected, in lower magnetic power losses, and as previously shown, in lower tumor
temperatures. What is important, the relative difference between SLP/ILP parameters in the
case of mobilized and immobilized MNPs.models is about 30%.
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Fig. 7. Transient temperature distributions inside the tumor center in the case of mobilized
and immobilized MNPs for different relative MNPs concentrations: a) ¢r = 1, b) ¢r= 0.5, and
c) ¢r = 0.3 with regard to maximum MNPs concentration‘¢-= 5 mg/mL

Table 3. Magnetic power loss parameters with regard to the relative MNP concentration inside
the tumor

Magnetic Power Loss Parameters Difference

Relative MNPs g 5 ILP SLP ILP | between mobilized

concentrations . -
50 (W/kg) |A(nH m%kg) | (W/kg) | (hH m?kg) | and immobilized

Mobilized MNPs Immobilized MNPs MNPs models

1.0 222.85 0.010 155.91 0.007 30.0%
0.5 110.97 0.005 77.22 0.004 30.4%
0.3 66.76 0.003 46.96 0.002 29.7%

4. Conclusions

In current investigation a modified Pennes bioheat equation incorporating mixed
boundary. conditions was employed to evaluate the thermal profile within a realistic breast
phantom. The single-domain and eddy current-induced power loss densities, treated as two
main external heat sources, were implemented. The analysis revealed that, due to the complex
anatomical composition of breast tissues, localized regions of elevated temperature in the form
of hot spots when temperature gradients could arise to high values. These findings underscore
the necessity of considering such heterogeneities in the treatment planning of magnetic
hyperthermia therapies.

Performed simulation results show that the non-uniform distributions of magnetic power
dissipation and temperature was observed within the tumor region. The study further
highlighted the critical influence of magnetic nanoparticle (MNP) concentration on the
therapeutic efficacy of magnetic hyperthermia procedure. Investigation of ferrofluid dynamics
demonstrated that MNPs immobilization within the tumor microenvironment significantly
diminishes magnetic losses, with a corresponding reduction of approximately 30% in specific
loss power (SLP) and intrinsic loss power (ILP) parameter values. Therefore, determining the
mobility status of MNPs in the magnetic fluid versus their fixation in cancerous tissue is



paramount, as MNP-tissue interactions substantially impact on hyperthermia treatment
outcomes.

Summarizing, from the perspective of magnetic fluid hyperthermia (MFH) treatment
planning, mitigating thermal damage to adjacent healthy tissues is essential. Special focus
should be placed on the thermal gradients surrounding the tumor site. The precision of magnetic
fluid-based thermal therapies is a determining factor in the success of individualized treatment
protocols, and insufficient heating of tumor regions can compromise therapeutic efficacy.
Consequently, the developed computational framework supports the calibration of magnetic
fluid temperature monitoring under RF ranged magnetic fields exposure. Furthermore, realistic
phantom-based models, such as the one proposed herein, facilitate magnetic hyperthermia
procedure effectiveness evaluation before further clinical treatment.
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