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Magnetic Fluid Hyperthermia for Cancer Therapy

Abstract. The aim of the paper is to show basic ideas of magnetic fluid hyperthermia treatment with regard to power losses which occur during
heating with alternating magnetic field. A special attention has been paid to dielectric, hysteresis and relaxation mechanism losses and their
contribution to total power losses. A numerical analysis has been done with regard to a simplified female breast phantom and its dielectric

parameters.

Streszczenie. W artykule przedstawiono fizyczne podstawy hipertermii cieczy magnetycznej ze szczegélnym uwzglednieniem strat mocy, jakie
zachodzg podczas grzania zmiennym polem magnetycznym tkanek ludzkich pofgczonych z cieczg magnetyczng. | tak, zaprezentowano straty
wiroprgdowe, histerezowe i relaksacyjne, a nastepnie dokonano numerycznej analizy rozktadu gesto$ci mocy w zastosowaniu do parametrow
dielektrycznych tkanek gruczotu piersiowego. (Zastosowanie hipertermii cieczy magnetycznej w terapii antynowotworowej).
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Introduction

Hyperthermia is a method of treating cancer by
preferentially heating the tumor. Generally speaking, it
involves reaching and maintaining for several minutes a
temperature of 42 to 48 °C in the tissues [1]. There are
three main approaches to hyperthermia treatments i.e.
whole-body  hyperthermia, regional and localized
hyperthermia. The whole-body hyperthermia raises the
temperature of the entire body to nearly 42°C, and it is often
uncomfortable for the patients due to high temperature
gradients. Besides, the tumors may not reach sufficiently
high temperatures. Regional hyperthermia attempts to heat
moderately large volumes, such as thorax or pelvis
including the cancerous region as well as surrounding
healthy tissues. The remainder of the body is kept as close
to normal temperature as possible. Localized hyperthermia
heats mainly the tumors and it is mostly used for superficial
tumors [2].

The above three types of hyperthermia are connected
with serious engineering challenges i.e. to provide uniform
heating throughout the target volume to ensure that all
cancerous tissues reach therapeutic temperature and
achieve adequate temperature in deep tumors without
overheating the body surface. Recently, magnetic fluid
hyperthermia has offered some attractive possibilities to
overcome these engineering problems remaining in
hyperthermia [3].

Magnetic fluid hyperthermia, which is the combination of
inductive applicator and magnetic fluid (nanoparticles)
injected into cancerous tissues, has attracted much
attention because of their considerable heating effects in
time-varying magnetic field. It can increase the temperature
in tumors to 43 - 48°C, and therefore leads to apoptosis
(see Fig. 1).
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Fig. 1. Idea of magnetic fluid hyperthermia (left); feeding magnetic
fluid to tumor or cancer (right)

From Fig. 1 one can see that magnetic fluid hyperthermia
can be divided into three steps:

1. Feeding magnetic fluid to tumor or cancer;

2. Applying external EMF of hundreds of kHz;

3. Tumor or cancer is destroyed (apoptosis).

It emerges from this that one of the focal points that should
be clarified for magnetic fluid hyperthermia is how to
generate a therapeutical temperature of at least 43°C inside
the tumor.

Magnetic Loss Processes

Magnetic losses in an alternating magnetic field
responsible for power dissipation e.g. to be utilized for
heating arise from:

1. Hysteresis;
2. Néel or Browian relaxation.

Hysteresis losses may be determined in a well known
manner by integrating the area of hysteresis loops, a
measure of energy dissipated per cycle of magnetization. It
depends on the field amplitude, the magnetic prehistory as
well as the magnetic particle size domain [4]. On the other
hand, the hysteresis losses can be estimated as it has been
proposed in [5], where heat capacity Q generated by
magnetite can be calculated as follows:

(1 0=k /D, B [W}
ml

where: « km= 2.4 -10"[W/Hz/(mgFe/ml)/T?/ml], f - exciting
frequency of applied field [Hz], B - external magnetic field
[T], D~ weight density of magnetic fluid [mgFe/ml].

As for relaxation mechanisms of ferrofluids there are two
physical processes responsible for the power dissipation -
Néel and Browian relaxations [6]. Néel relaxation is
connected with the fluctuation of magnetic moment direction
across an anisotropy barrier and the characteristic
relaxation time zy a nanoparticle system is given by the ratio
of the anisotropy energy KV to the thermal energy kT as
follows [7]:

) Ty =7, exp[KV/(kT)]

where (7p = 10'93). For a characteristic time of
measurements 1z, a critical particle volume V. may be
defined by (V) = tm (see Fig. 2 - the arrow indicates the
direction of magnetization).

Fig. 2. Néel relaxation, direction of magnetization rotates in core.
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In the case of the second relaxation mechanism, the
time associated with the rotation diffusion is the Brownian
relaxation time zz where [8]:

3) v, =47z I(kT)

ry is the hydrodynamic radius which due to particle coating
may be essentially larger than the radius of the magnetic
particle core (see Fig. 3 - the arrow indicates the direction of
magnetization).
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Fig. 3. Brownian relaxation, entire particle rotates in fluid.

In general, the faster of the relaxation mechanisms is
dominant and an effective relaxation time may be defined

by

(4) _ W'

Topr ——
Taking into account the frequency dependence of relaxation
of the particle ensemble may be investigated experimentally
by measuring the complex susceptibility. The imaginary part
x”(f), which is related to magnetic losses, can be expressed
as:

(®) X ()= x9/(+4")

where ¢ = fgng, yo = uoMs?V/(kT) and M; is saturation
magnetization. Within the validity of linear response theory
the loss power density p, is related to y”(f) as follows:

(6) p, ([ H)=pmmy (NHH f
The above formulas (1) and (6) have been used in a

numerical solver based on Finite Element Method (FEM) as
described below.

Numerical solver

In order to investigate the combination of the
overheating effect of magnetic nanoparticles and the eddy
current one, the authors have prepared the FEM solver
based on FEnICS project [8] as follows. Taking into account
low conductivity of human tissues and low frequency of
electromagnetic field the considered problem has been
divided into a few steps. Firstly, the current density (Jc) in
the torus shape coil has been calculated. Secondly,
describing magnetic field by magnetic vector potential A
and knowing that V x A = B a partially differential equation
for magnetic field has been formulated:

Y V-VA=—u,J,

Next, using electric scalar potential (¢) the eddy current
problem in human tissues has been defined as follows:

(®) V-ano:—V-(aaA)
ot

where o is the conductivity of tissues. Then current density
vector can be expressed as the sum of two components:

©) J=-Vp-oc
dt

126

Power density (pe) produced by the eddy currents can be
expressed as:
2

(10) P, = i

o
Finally, in order to include in our model both, the hysteresis
losses and the power density from eddy currents, one can
present the total power density as follows:

J2
(11) ptot:pe+pQ:_+kmefB2
O

On the other hand, the total power density is the product of
both the power density from eddy currents and power
dissipation from magnetic nanoparticles. Therefore, one can
write:

J? .
Puo = Pe Py ="+ Moty H’

The above formulas for total power density (p«:) have been
numerically evaluated and the obtained results have been
compared.

(12)

The phantom model and results

The methodology described above has been applied to
calculate the power density distribution with regard to the
female breast phantom dielectric properties. Three different
layers i.e. the layer of skin, breast fat and muscle
(equivalent to cancerous tissue) have been distinguished in
the phantom, as it is shown in Fig.4 [9].

Layer of skin
Layer of breast fat

Layer of cancer

Fig. 4. The CAD model of female breast and its layers.

The dielectric properties of the phantom were
approximated for the frequency of 150 kHz with the use of
the 4-Cole-Cole model and parameters taken from Gabiriel
[10] (see Tab. 1).

Table 1. Dielectric properties of the phantom

No. Layer name Conductivity [S/m]
1 Skin 0.089
2 Breast FAT 0.025
3 Muscle/Tumor 0.37

As the excitation the 5-turn torus coil flowing current with
amplitude of | = 400A has been used. The coil has been
placed about 3 cm above the layer of skin of the phantom.
The lines of picture show magnetic field generated by the
coil, as it is shown in Fig. 5.

Fig. 5. The complete simulation model consists of the coil and the
simplified breast model. Lines of the picture show magnetic field
generated by the coil.
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In Fig.6 power density distribution from eddy currents in
logarithmic scale can be seen (see formula (10)).

Fig. 6. Distribution of power density pe.

To evaluate the relaxation mechanism and its
contribution in power dissipation in the model the total
power density has been calculated using formula (12). One
should realize that zz>>7zy and therefore 3 can be
neglected (75 = 10°zy). Moreover, according to [3] 7 = [5,
10, 15] at frequency 150 kHz and in our case y = 10 has
been used in calculations. In Fig.7 is shown power density
distribution form the eddy currents (pe) and from relaxation
mechanism (p,)

p_totMF (W/m
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Fig. 7. Distribution of the total power density pe+ p,.

In order to calculate the hysteresis losses using formula
(1) the weight density of magnetic fluid, D, = 10 mgFe/ml,
has been used, which is equivalent to, for example, Resovit
produced by Meito Sangyo Co. from Japan. Finally, in Fig.8
the total power density distribution from the eddy currents
(pe) and from hysteresis can be seen (pg).
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Fig. 8. Distribution of the total power density pet+ pa.

In Table 2 the maximum values of power density for
three considered cases have been gathered. One can
conclude that the maximum values of ps have occurred in
the skin layer but they are negligible when compared with
pa and py, which occurred in the cancer layer. Moreover,
the values of pq and py are very close. It emerges from this
that the experimentally developed formula (1) is proper.

Table 2. Maximum values of power densities
pe[W/m3] pPa[W/m3]
108e3 8.61e8

p[W/m3]
8.65¢8

Conclusions

The power density in the cancer layer is about 8000
times higher with magnetic fluid than without it. That means
that eddy currents effects are completely negligible
regarding the heating of the injected magnetic fluid. At this
point the authors would like to underline that the terminus
inductive heating occasionally used for magnetic
heating in biomedicine is misleading, as it has been shown
in this paper.

Eddy currents are important when talking about
inductive heating. The maximum power density values in
the body are determined by the size of body, and so is the
distance between the applicator and the skin. Nevertheless,
the knowledge of pe plays an important role when skin
overheating is taken into consideration.

In our simplified model we have not considered the
presence of blood flow and tissue perfusion, both of which
are dominant sources of tissue cooling, and both of which
vary actively as the tissue is heated, but the proposed
approach offers a very simple methodology of energy
deposition.
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