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Abstract— The numerical whole-body voxel human model
(numerical model) developed by National Institute of
Information and Communications Technology (NICT) was
assumed and hyperthemic treatment using radio-frequency
wave was investigated. We assumed 51 different human tissues
and organs with 2-mm spatial resolution in the numerical model,
inserted it into the resonant cavity applicator, and Maxwell’s
equations were solved by FDTD method with variable mesh. We
obtained the realistic energy patterns for a deep-seated tumor as
compared to those obtained in our previous studies.

I. INTRODUCTION

ANCER 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
difference in heating sensitivity between a tumor and
non-tumor cells. In comparison to non-tumor cells that live up
to 44°C, the tumor dies from 42.5°C upward. By using
electromagnetic energy, the tumor cells are heated up to a
temperature at which they die.

Heating devices for noninvasive hyperthermia such as
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 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. A numerical study on a new heating technique—the
annular-shaped inductive aperture-type applicator—has been
reported [5]. In the report, a cylindrical body with a fat layer
was used. Although heat generation was possible in deep
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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]: the deep region of a small
disk-shaped dielectric phantom could be heated. We have
also developed an RF rectangular resonant cavity applicator
for a larger model with deep-seated tumors [7], [8]. By
optimizing the positions of multiple antennas in the applicator,
we heated the deep interior of the phantom [9]. 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 paper, we will investigate the possibility of heating
the deep region of a numerical human model using an RF
rectangular resonant cavity applicator for deep-seated tumors
before the modeling of tumors. Simulation results show that
this applicator can heat deep region.

II. RESONANT CAVITY APPLICATOR

The experimental setup used in our study is illustrated in
Fig. 1. The cavity applicator consists of copper plate. In the
cavity applicator, the heated object is placed on a wooden
table. Loop antenna is placed beside the object at the center
of the applicator in the x-direction. The electric power is
applied to the antenna set inside the applicator. Then, the
electric and magnetic fields occur in the cavity. In order to
realize deep heating, the lowest resonant frequency (TEO011
mode) is used. In this study, the electric field strength along x
direction of the cavity does not change.
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III. ELECTROMAGNETIC EQUATION FOR CALCULATION

For analyzing the electromagnetic field in the cavity, we
solved Maxwell’s equations using the three-dimensional
finite-difference time-domain (FD-TD) method [10].

Vsz—yaH,VxH=GE+5a—E (1)
ot 0

t
where 1, o, and ¢ represent the permeability, electrical

conductivity, and permittivity, respectively. Note that the
cavity walls were assumed to be perfect electrical conductors.
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 the electromagnetic
energy was examined using the following formula.

W= [E[ d @)
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IV. ANALYSIS MODELS

The Numerical Whole-Body Voxel Human Model

The numerical whole-body voxel human model (numerical
human model) used in our study, which was developed by
National Institute of Information and Communication
Technology, is illustrated in Fig. 2 [11], [12]. This model was
invested with 51 human tissues and organs with ID and made
by using voxel data. The adult male model consists of the
voxel data of 320 x 160 % 866 with spatial resolution 2-mm.
The electrical parameters used in the calculation are listed in
Table I [13].

As shown in Fig. 2, the liver tumor is targeted in our study,
therefore, only the body (length 580 mm) surrounded with
red broken line between shoulder and hip was inserted into
the resonant cavity applicator. In this study, the possibility of
heating the deep region without liver tumors was investigated
in the analysis.

Fig. 2. Realistic high-resolution whole-body voxel model of
Japanese adult male.

TABLE I
TYPICAL ELECTRIC PROPERTIES [13]

Tissue &r o [S/m]
Blood 76.8 1.23
Bone Cancellous 27.6 0.17
Bone Cortical 15.3 0.06
Bone Marrow Infiltrated 14.3 0.16
Bone Marrow Not Infiltr 6.5 0.02
Cartilage 55.8 0.47
Colon(Large Intestine) 81.8 0.68
Fat(Mean) 12.7 0.07
Gall Bladder 79.0 1.01
Gall Blad Bile 95.0 1.54
Heart 90.8 0.73
Kidney 98.1 0.81
Liver 69.0 0.49
Lung 494 0.43
Muscle 66.2 0.73
Nerve(Spinal chord) 47.3 0.34
Skin 69.4 0.51
Small Intestine 96.5 1.66
Spleen 90.7 0.80
Stomach Esop Duodenum  77.9 0.90
Thyroid Thymus 68.8 0.79
Trachea 53.0 0.55
Pancreas 66.2 0.73

A. Cavity Applicator Inserted in the Human Model

Fig. 3 shows the analysis model of the resonant cavity
applicator inserted in the numerical human model. In order to
assume the clinical stage, the cavity was designed to have two
holes on the wall so as to be inserted in the human model. The
Mur’s 1st order was applied to absorb the leak of electric and
magnetic fields in front of the insertion holes. A set of
exciting sources with opposite phase was placed in the cavity
because electromagnetic fields with opposite phase are
known to be capable of heating the deep region from the
effect of superposition [7].
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Fig. 3. Numerical structure of the cavity inserted in the human
model.
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V. VARIABLE MESH

FD-TD method is capable of changing the mesh size in the
analysis area. It was found that the discretization error can be
estimated to the order of O(dx’) of the mesh size [14]. As a
result, the amount of memory used and the calculation time
were greatly reduced.

If the model is divided into 2-mm in spatial resolution, a lot
of memory and calculation time will be needed. For example,
the use of variable mesh can reduce computer memory to 4
[GB], while 10 [GB] is needed without it. It was found that
the variable mesh made calculation stable in large-scale
computer analysis.

VI. CALCULATED RESULTS AND DISCUSSIONS

In this study, the cylindrical phantom (¢ 300mm % 500 mm
length) and the numerical human model are used to compare
the two groups of the electromagnetic distributions due to the
difference in the shapes of the models.

A. Case in which the Cylindrical Phantom is Used

Fig. 4 shows the resonant frequency curve of the cavity
applicator with the cylindrical phantom which is equal in
volume to the human model. As shown in Fig. 4, it was found
that the resonant frequency was 86.7 MHz at the peak point.
In addition, it described a smooth curve.

Fig. 5 shows the electromagnetic energy of the phantom. In
Figs. 5(a)-(c), it is observed that energy is focused on the
central region of the phantom and also strongly distributed to
the surface region. Therefore, it may be said that this
applicator can heat the deep-seated tumor. However,
according to the thermal analysis, it may be necessary to
reduce the surface temperature by using a cooling system
such as water bolus.

From these results, it is presumed that the energy is
concentrated on the deep region of the numeral human model.

B. Case in which the Numerical Human Model is Utilized

Fig. 6 shows the resonant frequency of the cavity
applicator inserted in the human model. As shown in Fig. 6,
the resonant frequency is 88.8MHz at the peak point.
Compared with the frequency of the cylindrical phantom, the
curve changed in this case because of the effect of the shape
of the model.

Fig. 7 shows the electromagnetic energy of the human
model. In Figs. 7(a)-(b), the electromagnetic energy is
concentrated on the deep region of the model. Especially, the
energy is focused on the pancreas. Moreover, it is observed

that the energy is slightly focused on targeting the liver region.

From our previous results [15], we reflected on the
concentration of the energy on the regions with low
conductivity, for example, the liver and lung regions. These
results show their dependence on both the conductivity and
the size of the organs. So, it may be necessary to investigate
the temperature distributions by using the heat-transfer
analysis.
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Fig. 4. Resonant frequency curve of the cavity applicator
with the cylindrical phantom.
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Fig. 5. Normalized electromagnetic energy of the cavity
applicator inserted in the cylindrical phantom.
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Fig. 6. Resonant frequency curve of the cavity applicator with
the human model.
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VII. CONCLUSION

In this study, the electromagnetic patterns of an RF
resonant cavity applicator for hyperthermia targeting liver
tumor have been investigated numerically. Before the
modeling of tumors, the numerical whole-body voxel human
model, which was developed by National Institute of
Information and Communication Technology, without liver
tumor was modeled and analyzed. We obtained the realistic
energy patterns for deep heating as compared to those
obtained in our previous study.
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Fig. 7. Normalized electromagnetic energy of the numerical

human model.
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