ELECTROMAGNETIC-THERMAL ANALYSIS OF AN RF
RECTANGULAR RESONANT CAVITY APPLICATOR FOR
HYPERTHERMIA TARGETING DEEP-SEATED TUMORS

USING A HUMAN BODY MODEL WITH BLOOD FLOW
AND FAT LAYER
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Maxwell's and heat transfer equations were coupled and solved to determine the heating characteristics of an

RF rectangular resonant cavity applicator for hyperthermia before the clinical stage. A simple human body

model with blood flow and a fat layer was constructed. The region unaffected by tumor was shielded from

electromagnetic fields by using conductive caps. The surface of the human model that was exposed to the

electromagnetic fields was cooled with pure water bolus. Calculated results show that this applicator can heat a

deep-seated tumor.
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1. Introduction

Cancer is the uncontrolled growth and spread of
cells. It can affect almost any part of the body. The
growths often invade the surrounding tissues and even
metastasize to distant sites [1]. Therefore, it is desirable
to remove the cancer from the human body as soon as
possible.

Hyperthermia is a cancer therapy that focuses on the
differences in the heating sensitivity of a tumor. In
comparison to a non-tumor cells that live up to 44°C, the
tumor dies above 42.5°C. By using electromagnetic
energy, the tumor cells are heated up to a temperature at
which they die.

Heating devices for noninvasive hyperthermia, for
example radiofrequency and microwave heating
applicators [2], have already been developed. However,
deep-seated tumors cannot be sufficiently heated by
these devices because of the complex human tissues and
the cooling effect caused by the blood flow. A phased
array system [3] with multiple antennas can focus the
electromagnetic energy on a deep-seated tumor.
However, it is very difficult to determine the optimum
amplitude and phase of power for each patient. In recent
experimental studies, very small implants [4] and
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magnetic fluids have been developed; they can heat a
tumor using an inductive heating applicator. The
question is how to focus the energy on local regions
containing the tumor in the human body. Numerical
studies have reported a new heating technique—the
annular-shaped inductive aperture-type applicator [5] has
been reported. In the report, a cylindrical body with a fat
layer was used. Although heat generation was possible in
deep regions of the body, it was noted that the heating
occurred between the muscle and the fat layer.

We have already reported a reentrant cavity
applicator that targets deep-seated tumors [6, 7]; the deep
region of a small disk-shaped dielectric phantom could
be heated. We also have developed an RF rectangular
resonant cavity applicator for a larger model with
deep-seated tumors. By optimizing the positions of
multiple antennas in the applicator, we heated the deep
interior of the phantom [8—10]. In order to realize local
heating, conductive caps were attached to the dielectric
phantom. As a result, we could heat the selective region.
Before the clinical stage, it is necessary for us to model
the components of a human body accurately, e.g., blood
flow, human organs, and the fat layer.

In this
characteristics of an RF rectangular resonant cavity
applicator for deep-seated tumors before the clinical

paper, we investigate the heating

stage. Simulation results show that this applicator can
heat deep-seated tumors. Therefore, it is possible to
apply this RF cavity applicator in the clinical stage for
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heating deep-seated tumors.

2. RF rectangular resonant cavity applicator

The experimental setup used in our study is illustrated
in Fig. 1 [9, 10]. The applicator consists of a copper plate
with the following dimensions: 1300 mm length x 1500
mm width x 1450 mm height x 0.5 mm thickness.

In the cavity applicator, conductive caps were attached
to the object to be heated and the object was placed on a
wooden table. Note that the caps protect the normal cells
from the electromagnetic field. In addition, the caps
enable efficient heating of the local region. An L-type
antenna was fabricated from a copper pipe. As shown in
Fig. 2, the antenna is placed at the optimum point x =

—450 mm for heating the deep region.
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Fig. 1 Experimental setup used in our study.
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Fig. 2 Setup of the antenna and the object to be
heated. Optimum feeding point of the L-type antenna
was x = —450 mm.

3. Electromagnetic-heat transfer equation considering
the blood flow

For analyzing the electromagnetic field in the cavity,
we solved Maxwell’s equations using the three-dimensional
finite-difference time-domain (FDTD) method [11].

VxE:—/,t?E, VXHZGE+8@ (1)
ot ot

where ¢, 0, and € represent the permeability, electrical
conductivity, and permittivity, respectively. The wire
approximation method [12] was used to model the
L-type antenna. A voltage source supplied a sinusoidal
output. In the electromagnetic analysis, we first derived
the resonant frequencies in the cavity. Then, the
electromagnetic energy at the lowest resonant frequency
was applied. After analyzing the fields, the object that
was heated by using the electromagnetic energy was

examined using the following formula.
1 2
W, =—o [[E] dt @)
T
The time-dependent heat-transfer equations [13]
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are solved by the three-dimensional finite-element
method (FEM); in the above equations, o, ¢, 4, Q, ¢, @,
and T, denote the volume density of the organ, specific
heat capacity of the organ, thermal conductivity of the
organ, heat generation by considering the cooling effect
of the blood flow W, and the electromagnetic energy Wi,
heat flux, heat transfer coefficient, and external
temperature, respectively. The cooling energy is defined

by the following equation:
W/C :(Fp)(pbcb)(T_T;J) (6)

In this equation, F, o, ¢p, and 7y, denote the amount of
blood flow per unit time in the organ, volume density of
blood, specific heat capacity of blood, and temperature
of blood, respectively; T, is constant at 37°C. F is given

by the following expression:

F = F.exp(0.0957B,(T -T,)) @)
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The value of F depends on the tissue temperature, where
F; is the amount of blood flowing in the organ at 37°C
and B, is the temperature dependence of the metabolic
rate. In the heat transfer analysis, the step-by-step
reevaluation of the temperatures in equations (6) and (7)

is performed considering this cooling effect.

4. Cavity applicator and simple human body model
used for calculation
In the electromagnetic analysis, we modeled an L-type

antenna, a simple human body model with blood flow

and fat layer, and a rectangular resonant cavity applicator.

As shown in Fig. 3, we have modeled the human organs
with blood flow, such as muscles, fat, liver, stomach,
kidneys, lungs, and the deep-seated tumor in the liver. As
shown in Fig. 4, we divided the applicator containing the
human model into regular 25mm finite-difference cells
[13]. The electromagnetic energy was interpolated every
12.5 mm because we used an FEM brick element with a
side length of 12.5 mm in the thermal analysis. The
electric and thermal properties are given in Table 1 [14].
The wooden table used in the experiments was not
considered in the calculations because it did not have a

major influence on the electromagnetic-thermal analysis.
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(a) Central z—x plane of the human model.
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(b) Central y-z plane of the human model.

Fig. 3 Human body model with a fat layer.

Fig. 4 Finite-difference cell models of an RF
rectangular resonant cavity applicator used for the
electromagnetic analysis. An L-type antenna, a
simple human body model with fat layer, and
conductive caps are modeled.

Table 1 Electric and thermal properties of the main
organs of the human body.

& o A 0 c F; B,

[S/m] | [W/m°C] | [kg/m’] | O/kg°C]| [m/kgs] | [1/°C]
fat 8.5 | 0.06 0.220 900 2300 5.00x107 0.6
muscle | 72 0.80 0.600 1020 3500 83.0x1077 1.0
tumor | 78 0.89 0.570 1040 3900 5.00x107 0.0
liver 78 0.60 0.560 1020 3500 144x107 0.8
stomach | 77 0.51 0.560 1020 3500 50.0x107 0.6
kidney | 89 1.0 0.560 1020 3500 667x107 0.8
lungs 40 0.35 0.480 300 3500 722x107 0.8

5. Results and discussion

The calculated results are shown in Figs. 5-9;
where the antenna is placed as shown in Fig. 2. The
starting temperature 7,, room temperature 7., and
resonance frequency f; for each condition are listed in the

figure captions.

(a) Case in which the fat layer is ignored

Fig. 5 shows the electromagnetic energy and
temperature distributions of the simple human model
without the fat layer. In Fig. 5 (a), it is found that the
energy is concentrated in the surface region. In addition,
it is observed that the energy is slightly focused on
regions with low conductivity, for example, the stomach
and liver regions that are affected by the tumor. As
shown in Fig. 5 (b), the tumor is heated because of little
blood flow through it. The temperature increase in the
other body parts is limited because of the increase in the
blood flow with the temperature. Fig. 6 shows the

temperature increase in the surface region and the
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deep-seated liver tumor. It is found that only the tumor
region has a high temperature. Therefore, it may be
stated that this applicator can heat the deep-seated liver

tumor in case there is no fat layer.

(b) Case in which the fat layer is considered

Fig. 7 shows the electromagnetic energy and
temperature distributions in the case of the simple human
model with a fat layer. In Fig. 7 (a), it is observed that
the electromagnetic energy is focused on the boundary
between the muscle and the fat layer. Moreover, this
energy is mainly focused on the liver and the stomach.
As observed in Fig. 7 (b), the deep-seated liver tumor is
heated to a high temperature. However, it is necessary to
reduce the surface temperature by using a cooling system
such as a water bolus. Fig. 8 shows the temperature
distribution of the model when a pure water bolus is
employed. It can be observed that the surface region was
cooled. The increase in temperatures of the tumor and
the surface region with and without the bolus is shown in
Fig. 9; It is observed that the water bolus cools only the
surface region significantly, and it does not cool the
tumor. Therefore, it may be possible to use this cavity
applicator with the water bolus for heating deep-seated

tumors.
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(a) Electromagnetic energy distribution.
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Fig. 5 Electromagnetic energy and temperature
distributions for the simple human model without a
fat layer. Here, Ty, T., and f, are 37°C, 24°C, and
63.17 MHz, respectively.
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Fig. 6 Temperature increases in the surface region
and deep-seated tumor.
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Fig. 7 Electromagnetic energy and temperature
distribution for the simple human model with a fat
layer. Here, Ty, T,, and f, are 37°C, 24°C, and 63.07
MHz, respectively.
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Fig. 8 Temperature distribution on fat layer and

tumor under the application of a pure water bolus.
Results are shown in the central zx-plane.
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Fig. 9 Temperature increase in the surface region and
deep-seated tumor with and without the water bolus.

6. Conclusion

The heating characteristics for an RF hyperthermic
system by using a rectangular resonant cavity applicator
have been investigated numerically for application to
deep-seated tumors. Before the clinical stage, a simple
human body model with blood flow and a fat layer was
modeled and analyzed. We obtained improved heating
patterns for a deep-seated tumor as compared to those
obtained in our previous studies. Therefore, this
applicator is suitable for the heating of deep-seated

tumors in hyperthermic treatment.
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