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Abstract : Many heat applicators for hyperthermia have been developed; however, in treatment of
noninvasive cancer they can heat only the body surface. At present, it is difficult to selectively heat
deep-seated tumors.

It is desirable to develop an applicator with the potential for heating a limited region, but achieving
this objective is impossible with present technology. Therefore, our goal is to develop an applicator that
can uniformly heat to deep regions of the human body.

In this paper, we describe fundamental heating characteristics of an RF hyperthermic system using
a rectangular resonant cavity applicator for deep-seated tumors. First, electromagnetic and heat-transfer
equations were solved to investigate fundamental heating characteristics of the resonant cavity applicator.
In the experiments, a torso-shaped dielectric phantom, which has electrical constants close to human
muscle, was used. In comparisons of the measured and calculated results, the tendencies of both heat
distributions were in accordance. These results indicated the possibility of heating deep regions ; thus,

this applicator has the potential to heat deep-seated tumors.

Key Words: deep-seated tumors, human muscle constants, hyperthermia, numerical simulations,
rectangular resonant cavity applicators
Introduction

World Health Organization (WHO) statistics show that six million people worldwide die of cancer
and that ten million new patients are added every year?.

Hyperthermia is a cancer treatment that focuses on differences in heat sensitivity between normal
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cells (alive until 44°C) and cancer cells (dead above 42.5°C)?. The treatment exposes cancer cells to high
temperatures and kills them by utilizing, for example, electromagnetic waves. Compared to surgery,
radiation therapy, and anticancer drug therapy, hyperthermia is an important method because of the
possibility of reducing a patient’s pain and suffering.

Many heat applicators for hyperthermia have already been developed. For example, radio
frequency (RF) heat® and microwave heat? applicators are currently utilized in medicine. However,
applicators in noninvasive cancer treatments heat only the body surface. Annular phased array (APA)
systems, using the principle of phased arrays®®, can heat deep-seated tumors selectively. However, it is
difficult to control the phases and amplitudes of multiple antennas to focus electromagnetic energy”®.

We have already developed a reentrant resonant cavity applicator targeting deep-seated tumors®12.
This applicator, as seen from the outside, is suitable to heat a disk-shaped dielectric phantom, and an
object having a small diameter, such as the size of a human head, can be selectively heated to the deep
region. However, it was impossible to heat an object within the human abdomen. Therefore, we
developed an RF rectangular resonant cavity applicator using a torso-shaped dielectric phantom similar
to the human abdomen™*¥. Our studies showed that this applicator had the ability to heat deep regions
if the antenna’s shape and location were changed!®1®),

In this paper, we report on fundamental heating characteristics of an RF hyperthermic system using
a rectangular resonant cavity applicator for deep-seated tumors. First, electromagnetic and heat-transfer
equations were solved to investigate fundamental heating characteristics of the resonant cavity applicator.
In the experiments, we introduced a torso-shaped dielectric phantom with electrical constants close to
those of human muscle. We had originally placed an L-type antenna in a vertical position next to the
dielectric phantom to achieve deep heating. However, this time the L-type antenna was placed in a
horizontal position along the dielectric phantom. We obtained better deep heating results with this

position than with the vertical position used in previous studies.

Materials and Methods
Dielectric phantom

According to the Federal Communications Commission web site'”, electrical conductivity and
permittivity of a real human muscle in a frequency range of 60 MHz are ¢=0.7 (S/m) and & =70,
respectively. Therefore, we introduced the torso-shaped dielectric phantom (300 mm x 1100 mm) with

electrical constants close to the real human muscle at
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approximately 20°C. We kept both the room temperature
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and the dielectric phantom’s temperature at approximately
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20°C for more than 12 hours by using an air conditioner.
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The materials of the dielectric phantom, TX-151 powder
(12.8%), water (85.7%), and agar powder (1.5%), were

uniformly mixed. The temperature and frequency
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dependences of the electrical constants were measured by Temperature (°C)
our measurement system using an open-ended coaxial Fig. 1. Electrical constants of a torso-shaped

probe!'® prior to the calculation, as shown in Fig. 1. dielectric phantom.
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Principle of deep heating

The resonant cavity applicator with the dielectric phantom was designed to produce a standing wave
when electromagnetic fields in the resonant cavity applicator are generated by an L-type antenna.
Therefore, high frequency current is induced in the dielectric phantom, which heats the deep region by

passing current through it. This is called Joule heating.

Hyperthermic system using an RF rectangular resonant cavity applicator

The experimental setup used in this study is shown in Fig. 2. Our hyperthermic system consists of
a signal generator (G1057VG ; Tokyo HY-Power Labs., Inc.), a set of high frequency electric power
amplifiers (PA2000J ; Niigata Tsushinki Co., Ltd.), two power meters (Model 43 ; BIRD Electronic
Corp.), two custom impedance matching boxes, an L-type antenna, and a resonant cavity applicator.

The structure of the resonant cavity applicator is shown in Fig. 3. The resonant cavity applicator
is made of 0.5 mm thick copper and the dimensions are 1300 mm x 1450 mm x 1500 mm. The wooden
table is composed of a top plate with dimensions of 1200 mm x 35 mm x 400 mm and four legs ¢70 mm
X 555 mm in size. Figure 4 depicts the structure of the L-type antenna system. We used a cylindrical
copper bar (6 mm ; Mitsubishi Materials Corp.) to make the antenna. The vertical L-type antenna was
placed in the position where x=0 mm, —225 mm, and —450 mm, respectively. We found that better

heating patterns are obtained by moving e R PO Sy =i S s

High Frequency Two
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Numerical Methods \0

Figure 6 shows flow diagrams for X

electromagnetic and heat-transfer Tumer — kot

analysis. Figure 7(a) shows a model for . L

electromagnetic analysis. The model Antenﬁ< Rectangular Resonant

Cavity Applicator

consists of a wooden table, L-type Fig. 2. Schematic of our experimental setup.
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Fig. 3. Arrangement of a rectangular resonant cavity applicator.
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(a) Electromagnetic analysis (b) Heat-transfer analysis

Fig. 7. Analytical models for electromagnetic and heat-transfer analysis.

antenna, dielectric phantom, and resonant cavity applicator. Figure 7(b) shows a model for heat-transfer
analysis. We considered only the phantom because the wooden table does not affect heat transfer in the
dielectric phantom. These models were composed of regular mesh with sides of 25 mm and 12.5 mm
respectively, using our mesh generator'®. The cavity walls were assumed to be the loss-less walls.

We have applied three dimensional finite-difference time-domain methods?” to solve Maxwell’s

equations :
VxEmpln, (1)
ot
VxH:aE+£@. (2)
ot

where, g, ¢, and & represent permeability, electrical conductivity, and permittivity, respectively. The
L-type antenna was modeled by using thin wire approximation?!? applied voltage source. The resonant
frequency was derived from the electromagnetic analysis, and the lowest resonant frequency f. was

applied. Electromagnetic energy was estimated as

] 2
Q=?UﬂﬂdL (3)
Heat-transfer equations
pc£=AV2T+Q, (4)
ot
q IQC(T—TC), (5)

have applied three dimensional finite element methods. p, c, 1,9, a., and T, denote the volume density
of mass, specific heat capacity, thermal conductivity, heat flux, heat transfer coefficient, and the external
temperature, respectively. The thermal constants of the dielectric phantom were assumed to be p=1030
(kg/m?), c=3150 (J/kg+"C), 1 =0.555 (W/m+"C), and a.=5 (W/m2:°C)1?. The electrical constants of
the wooden table were assumed to be ¢=0.0003 (S/m) and & =1.88%2.
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(a) measured result (b) calculated result
(f;=61.62 MHz) (f:=61.69 MHz)

Fig. 8. Vertical L-type antenna (solid line) was placed at x=0 mm. Measured and calculated temperature
distributions on the cross section at x=0 mm, where, 7, and T, were 20.5°C and 20.8°C, respectively.

24.5° 245

(a) measured result (b) calculated result
(f.=62.23—62.27 MHz) (f:=63.48 MHz).

Fig. 9. Vertical L-type antenna (dotted line) was placed at x=—450 mm. Measured and calculated temperature
distributions on the cross section at x=0 mm, where, T, and T, were 21.4°C and 21.5°C, respectively.

Experiments

Electromagnetic power of 400 watts amplified by the amplifier in the frequency range from 60 to 65
MHz was applied to the antenna set inside the cavity applicator. The exciting frequency was defined as
the resonant frequency and was derived from calculated results in advance. We confirmed this resonant
frequency using a spectrum analyzer (Spectrum Analyzer MS2601A ; Anritsu Corp.). During the
experiment, the dielectric phantom expands because of the temperature dependence of the materials. The
matching box was adjusted because the reflected power increases by the change of capacitance between
the antenna and the dielectric phantom. After the experiment, which lasted 30 minutes, the dielectric
phantom was divided into cross sections and heat distributions were observed by thermography
(Infra-Eye210 ; Fujitsu Co., Ltd.).

Results and Discussion
a) Validity of our calculation
In electromagnetic analysis using finite-difference time-domain methods, it is said that the stability
condition®® is as follows.
mesh size < Ayaverengtn /10, (6)
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where Ayaverengin 18 the wavelength inside the dielectric phantom. A mesh size of 25 mm in our
calculation is sufficient to satisfy this condition because the value of the stability condition in this case
is 60 mm.

b) Comparison of measured and calculated results

Measured and calculated results obtained in this study are shown in Figs. 8-10, where the vertical
antenna was set at x—0 in Fig. 8 and at x=—450 mm in Fig. 9, and the horizontal antenna was placed
at x=—450 mm in Fig. 10.

The starting temperature 75, room temperature 7, and resonant frequency f;, for each condition are
listed in the figure captions. The shape of the measured results differs from the calculated ones because
the experimental dielectric phantom is a gel. The calculated results, as shown in Figs. 8-10, cannot be
compared with each other directly because of the introduction of constants into the heat-transfer analysis.
The constants were decided on as approximately corresponding to the measured results. The tendencies
of heat distributions of the measured and calculated results in Figs. 8-10 are in accord. Resonant
frequencies of the measured and calculated results also are in accord.

The measured result (Fig. 8) demonstrates that the focus of the heated region is on the surface of the
dielectric phantom. As shown in Fig. 9, the measured result shows that the concentration of the heated
region was not only on the surface, but in the deep region, and that the temperature of the deep region
rose. In this case, the vertical L-type antenna was set at x=—450 mm. The increases in temperature of
the deep region from the original state in Figs. 8 and 9 were 0.2°C and 1.9°C, respectively. It is very
important to move the vertical L-type antenna away from the applicator’s center to achieve heating of the
deep region. Perhaps the vertical L-type antenna can possibly disturb the electromagnetic fields in the
resonant cavity applicator when the antenna is placed at the center (x =0 mm).

Measured and calculated results for the cross section (Fig. 10) show that the surface of the dielectric
phantom was heated. In addition, the heated region of the dielectric phantom spread from the left to the
right side of the deep region. The increase in temperature of the deep region from the original state in
Fig. 10 was 2.1°C. In comparing the temperature increase between Figs.9 and 10, Fig. 10 shows a
slightly higher temperature 0.2°C. We believe that our applicator can be used to treat deep-seated tumors
of the human abdomen. While the temperature difference is slight at present, we feel that higher
temperatures can be achieved if electromagnetic power could rise above 400 watts and heating duration

could be prolonged in clinical applications.

(a)} measured result (b) calculated result
(fr=62.02 MHz) (f:=62.74 MHz)

Fig. 10. Horizontal L-type antenna (dotted line) was placed at x= —450 mm. Measured and calculated temperature
distributions on the cross section at x=0 mm, where, T, and T, were 20.3°C and 20.7°C, respectively.

— 7 — (7)
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Fig. 11. Example for the calculated result of the dielectric phantom with conductive caps. Result shows heating
distribution for the central horizontal plane of the dielectric phantom.

The measured and calculated results shown here are

N 80
only for the cross section at x=0 mm, and note that the :E:; 75 -
other cross sections as well as the central cross section § 70 7 .
(x=0 mm) were also heated. If conductive caps are g Zg_ "oe g
attached to the dielectric phantom, sections can be § 55

2
protected by shielding the electromagnetic fields. Fig. £ 50 . ;

0.95 1.06 1.15 1.25

11 shows an example of the calculated result.
. . . . L Length of the dielectric phantom (m)
The analytical condition in Fig. 12 is similar to that

Fig. 12. Relationship of resonant frequency and
length of the dielectric phantom, where
frequency moves when the length of the dielectric the diameter is 300 mm.

in Fig. 10. From the results in Fig. 12, the resonant

phantom is changed. Instances when conductive caps and a bolus were attached to the dielectric
phantom were also analyzed. The resonant frequencies of the dielectric phantom attached to conductive
caps with a size of ¢300 mm (diameter) x 400 mm (width) and a bolus of ¢350 mm (diameter) x 300 mm
(width) x 25 mm (thickness) were 63.18 MHz and 62.87 MHz, respectively. These results provide
evidence that the resonant frequencies vary according to the dielectric phantom. Tt is easy to predict the
resonant frequency by numerical analysis. Heating experiments should be performed after confirmation

of the resonant frequency by using a spectrum analyzer.

In the future, we have plans to obtain better heating patterns than shown in this study by changing
the antenna’s shape and location. Also, we think that human blood flow must be considered in the

calculations and experiments to elucidate thermal transfer characteristics of the human body.
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