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In this paper, we study the computational modeling of electromagnetically induced heating in magnetic fluid hyperthermia. Owing
to the Brownian rotation and Neel relaxation of induced magnetic moments, ferrofluids can generate heat when exposed to an
alternating current magnetic field. To destroy all tumors cells while preventing deleterious physiological responses, input parameters
such as the frequency and intensity of magnetic fields and the complex susceptibility of ferrofluids should be determined precisely.
In this paper, a solution to Maxwell’s equation for a model of a tumor and its neighboring tissues are coupled as input to Penne’s
bioheat equation. Both sets of equations are solved using the finite element analysis method with perfectly matched layers for
isothermal boundary conditions in COMSOL. We use a bilayered spherical model with blood perfusion and metabolism to simulate
the temperature distribution in tumor regions during hyperthermia therapy. Power density due to electromagnetic field simulation
serves as input to the bioheat transfer equation and determines the heat generated by the ferrofluids. The obtained results indicate
that tumor regions are heated without adversely affecting healthy regions.

Index Terms— AC magnetic field, bilayered spherical mode, bioheat equation, finite element analysis (FEA), magnetic fluid

hyperthermia.

I. INTRODUCTION

AGNETIC fluid hyperthermia (MFH) is a promising

treatment method for cancer lesions and can be used
as a complement to chemotherapy or for the direct ablation
of tumors by heat treatment [1]. During hyperthermia therapy,
a sustained temperature between 40 °C and 45 °C within a
tumor for a defined period would induce cell apoptosis without
damaging surrounding healthy tissues.

The critical problem of hyperthermia is the direct provi-
sion of a well-controlled and localized heat source to the
tumor tissue. Among the hyperthermia methods presented
in [2] and [3], MFH is considered one of the best treatment
approaches because of its uniform heating effect and deep
penetration depth. In MFH, the heat effect is due to an
alternating current (ac) magnetic field of biocompatible and
biodegradable nanoparticles injected inside the tumor; the heat
effect should be uniform in the treatment area [4]. Given that
these particles are nanoscale elements, the energy deposition
in cancer cells are extremely localized.

MFH is a complicated multiphysics problem which is cov-
ered by two partially independent solutions: one solution for
the magnetic field equation and the other for the heat transfer
equation [5], [6]. In the current paper, a complete mathematical
model of MFH is proposed and analyzed to simulate heat gen-
eration and transfer during magnetic hyperthermia. To estimate
the temperature distribution in tumor regions and surrounding
normal tissues, both electromagnetic and thermal problems
are solved using the finite element analysis (FEA) method
in COMSOL. Power density is derived from electromagnetic
field simulation and is computed as the input of Penne’s
bioheat equation. The obtained results indicate that cancerous
tissue can be heated sufficiently without damaging healthy
regions.
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II. THEORY AND METHOD

The heating mechanism for magnetic nanoparticle fluids
has been detailed by Rosensweig [7] by using the Debye
model for dielectric dispersion in polar fluids. When a time-
varying magnetic field Hy is applied to ferrofluid, nanopar-
ticles and their magnetic moments rotate to align with the
changing field [8]. The rotation of the particle in the viscous
medium (i.e., Brownian rotation) and the rotation of magnetic
moments (i.e., Neel relaxation) are the dominant means of
power dissipation caused by friction [9]. The characteristic
Brown and Neel relaxation times are expressed as follows:
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where # is the dynamic viscosity of a medium wherein
particles are suspended, K is the effective anisotropy constant,
kT is the thermal energy, Vg is the hydrodynamic particle
volume, V is the volume of the magnetic core, and g is the
attempt time, which is approximately 10~ s. The volumetric
heating power (P) caused by nanoparticle relaxation can be
evaluated as follows:

P =puofHymy" )

where uo is the magnetic permeability of the vacuum, f is
the frequency of the ac magnetic field, Hp is the magnitude
of the applied magnetic field, and y” is the imaginary part of
the complex magnetic susceptibility. The latter is a function
of the Langevin parameter and magnetic field frequency

" __ %0 anfeff
1 4+ Q7 f1efr)?

where 7ef is the relaxation time of nanoparticles due to
7y and 7p such that re;fl = r&l + 11;1 and yo, the static
susceptibility is represented as follows:
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Bi-layered model of tumor (all dimensions are in mm).
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Fig. 1. (a) Bilayered model of a tumor. (b) Helmholtz coils, including a
central composite region of tumor tissue and magnetic nanoparticle fluid.

where ¢, the Langevin parameter, and the initial susceptibility
xi are expressed as follows:
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where M, is the domain magnetization of the magnetic
nanoparticle.

The computed power dissipation are then substituted as
a heat source into Penne’s bioheat equation to calculate the
temperature distribution of tumors and its surrounding normal
tissues [10]. The bioheat equation, including the effects of
blood perfusion and metabolic heating, is represented by the
following:
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where p is the tissue density, ¢ is the specific heat for the
tissue, k is the thermal conductivity of the tissue, pp is the
blood density, ¢}, is the specific heat for blood, w is the blood
perfusion rate, 7, is blood temperature, Q,, is metabolic
heating, and P is the heat added to the system from a source,
such as the heating caused by the ferrofluid in an ac field.

III. MODEL AND MATERIALS

To simplify this problem, we ass ume that the tumor is
spherical with radius » = 5 mm and that the surround-
ing normal tissue is a large concentric sphere with radius
a = 10 mm [Fig. 1(a)]. To generate a uniform field, the
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TABLE I
MATERIAL PROPERTIES FOR TUMOR/FERROFLUID
COMPOSITE REGION
. Tumor Magnetic . .

Tissue name tissue Ferrofluid Composite region
Specific heat capacity

(I K" ) 3500 4000 3501.5
Thermal conductivity 055 40 0552

(wem k")

Density ( kgom™) 1060 5180 1070.4

current version of the model uses Helmholtz coils to provide
the ac magnetic field.

A Helmholtz pair consisting of two identical circular coils
of radius r are placed symmetrically on each side of the
experimental area along a common axis and are separated
by distance L. Each coil contains N turns of wires and
carries equal electrical currents that flow in the same direction.
The origin of a coordinate system is centered on the axis at
the middle of the coil centers. The axial component of the
magnetic flux density at a distance from the origin is expressed
as follows:

,u()NIrz ,u()NIrz
22+ (G 22+ (§ -0
where u is called the permeability of free space.
Homogeneity causes all thermodynamic parameters in the
tissues to be the same. We assume homogeneity within the
target region. The mean value of specific heat, density, and
electrical conductivity for cancerous tissues with embedded

nanoparticles can be approximated by a serial arrangement of
the two materials with two volume proportions

)

Pcomposite = (I = v) prumor + Vpferroftuid (8)
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where v is the volume fraction of magnetite nanoparticles in
the tumor region. A total of 10 mg Fe/g of tumor corresponds
to a volume fraction of v = 0.003. This dosage is the
typical dosage reported in clinical studies [11]. The tumor and
ferrofluid material properties used in this paper to determine
the composite values for calculation are provided in Table I.
The thermal properties and densities for tumor and magnetic
ferrofluid were obtained from [12]-[14].

IV. RESULTS AND DISCUSSION

In magnetic nanoparticle therapy, heat is generated by a
time-varying magnetic field H that causes the rotation of
nanoparticles and their magnetic moments in the biological
fluid. Maxwell equations in magnetic problems are com-
puted according to the appropriate boundary, whereas Penne’s
bioheat equation in thermal problems is calculated by consid-
ering blood perfusion. In this paper, both electromagnetic and
thermal problems are solved by FEA.

A. Magnetic Field Uniformity

The uniformity of a magnetic field is considered as a prereq-
uisite for uniform temperature distribution in a target region.
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Fig. 2. 3-D plots of magnetic field distribution in tumor regions between
Helmholtz coils. norm(H ) is the norm of magnetic field vector.
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Fig. 3. 2-D surface plot for magnetic field at 300 kHz to illustrate field
uniformity in the x—y plane in a central slice.
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Fig. 4. norm(H ) at 300 kHz and a maximum applied magnitude of 5518 A/m
along the x-axis. norm(H ) is uniform within 5% at 5 mm for the origin along
the y-axis.

Thus, calculations are first performed to verify the uniformity
of the magnetic field caused by Helmbholtz coils.

In our calculations, the ac in the coils is 5 A at 300 kHz,
thus leading to an applied field of 5518 A/m at the origin
points. Figs. 2 and 3 show the magnetic field distribution in
3-D and 2-D, respectively. Fig. 4 shows the norm(H) along
the x-axis at y = 0,z = O (blue line) and y = 5 mm,
z = 0 (green line). Figs. 2—-4 show that the applied field is
uniform within the region of interest for the field strengths
and frequency of use for MFH. For hyperthermia in cancer
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PRAMETERS FOR THE CALCULATION OF POWER DISSIPATION

Parameter ~ Description Value
R Magnetic nanoparticle radius 9.5x107 m
f Frequency 300 kHz
H, Field Strength 5518 A/m
Ho Permeability in vacuum 47 x107 Tm/ A
k Boltzman constant 1.38x10% J/K
K Effective anisotropy constant 1.0x10* J /m®

f Hydrodynamic particle volume 5.0805x107% m?
7, Attempt time 107

Dynamic viscosity 1107 kg/m/s

@ Volume fraction solid 0.071
M, Domain magnetization 446 k4 /m

TABLE III
PROPERTIES OF BLOOD IN TUMOR AND NORMAL TISSUE

. Blood in Blood in .
Tissue name . Normal tissue
tumor normal tissue
Specific heat capacity
(g oK) 4180 4180 2300
Perfusion Rate , 4
) 1.39x10 6.67x107 --
(1/s)
Density (kgem™) 1000 1000 980
T -
hermal conductivity 0512 0512 025

(Wem k")

treatment, the treatment temperature should be within the
acceptable range in clinical practice. For our model frequency,
the magnetic field strength is 5518 A/m. The parameters
used to calculate the heat dissipation of the nanoparticles are
adapted from [15] and [16] and gathered in Table II.

B. Bioheat Transfer

In the thermal calculations, the initial temperature is set
to 37 °C for all tissue layers. The characteristic coeffi-
cients are independent of the position within the region. This
model enables the study of nonlocalized transient temperature
behavior in tissues wherein fluctuation in the heat flux and
temperature extends throughout many physiological regions
where perfusion, density, specific heat, and metabolic heat
generation vary. The properties of normal tissue and blood
both in the tumor and healthy tissue in this model are listed
in Table III [13].

The temperature distribution in the tumor region and healthy
region is important in hyperthermia. In this research, we
analyze the temperature at the center region of the tumor
tissue and monitor the increase in heat in the healthy tissue.
In this model, the temperature distribution reaches a steady
state after 200 s. Fig. 5 shows the temperature distribution in
the target region. Given the isothermal boundary condition, the
edge of normal tissues is at a constant temperature of 37 °C.
The maximum temperature, that is, 43.47 °C, appears at the
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Temperature (degC) distribution, all dimensions are in mm.
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Fig. 5. 3-D plots of temperature distribution in the tumor and normal tissue.
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Fig. 6. Temperature versus time for heating at the center of the tumor and
edges of the tumor and healthy tissue.
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Fig. 7. Temperature distribution as a function of the distance from the center
of the tumor for different exposure times.

center of the tumor region where nanoparticles are evenly dis-
tributed. The temperature in the center region is maintained in
the range of 40 °C—45 °C, which is sufficient for hyperthermia
cancer therapy. The temperature of the healthy region without
heat generation is below 40 °C. Minimal damage is observed
in the healthy region. Besides, eddy-current-induced heating
of small magnetic particles is negligibly small compared with
magnetic losses.

The results for temperature versus time are shown in Fig. 6.
Material properties and perfusion rates have been detailed in
Tables I and III. After 200 s of excitation, the temperature at
the center and edge of the tumor reach a steady value, whereas
the temperature at the edge of the normal tissue remains at
37 °C during all therapy processes. Fig. 7 shows that the
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temperature decreases with increasing distance from the center
at different exposure times.

V. CONCLUSION

This paper has proposed a bilayered spherical mode of MFH
with a magnetic field generated by Helmbholtz coils to establish
a complete mathematical description and multiphysics simula-
tion of MFH. The FEA method has been implemented to solve
a coupled 3-D electromagnetic thermal problem. A marked
increase is observed in the tissue temperature near the center
of the tumor region, and a degree of temperature distribution
uniformity is achieved. The obtained results indicate that can-
cerous tissue is heated sufficiently without adversely affecting
normal tissues.
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