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Abstract

Hyperthermia is one of the modalities for cancer treatment,
utilizing the difference of thermal sensitivity between tumor
and normal tissues. Therefore, the most important point in the
treatment of the hyperthermia is that the tumor is heated up to
the therapeutic temperature, between 42 and 45 °C or more.
Up to now, we have developed a coaxial-slot antenna for
intracavitary microwave hyperthermia aiming at the treat-
ment of the bile duct carcinoma. This antenna is inserted into
the forceps channel of an endoscope and is led to the target
tumor. Currently, there are thick blood vessels around the
bile duct. Therefore, the cooling effect due to the thick blood
vessels needs to be considered. In this paper, we investigated
by measurement the cooling effect due to the blood flow in the
thick blood vessel around the bile duct. At first, a tissue-
equivalent solid phantom with a cylindrical hole of 20 mm in
diameter was fabricated. The cooling effect of the thick blood
vessel is realized by pouring a saline solution into the
cylindrical hole. Then, the antenna is placed at a distance of
5 mm from the cylindrical hole. As a result, the heated region
is observed around the tip of the antenna, although there is a
thick blood vessel close to the antenna. Moreover, we
confirmed the effectiveness of the proposed phantom by
comparing the resultant temperature distributions by meas-
urement and the ones obtained by calculation.

1. INTRODUCTION

In recent years, various types of medical applications of
microwaves have widely been investigated and reported [1].
They are microwave hyperthermia [2], [3] and microwave
coagulation therapy (MCT) [4], [5] for medical treatment of
cancer, cardiac catheter ablation for ventricular arrhythmia
treatment [6], [7], thermal treatment of benign prostatic
hypertrophy (BPH) [8], [9], etc. Until now, the authors have
been studying antennas for microwave hyperthermia. Hyper-
thermia is one of the modalities for cancer treatment, utilizing
the difference of thermal sensitivity between tumor and
normal tissues. In this treatment, the tumor is heated up to the
therapeutic temperature, between 42 and 45 °C or more
without overheating the surrounding normal tissues.

There are a few methods for heating the cancer cells inside
the body. The authors have been especially studying the
coaxial-slot antenna with endoscope [10], [11], which is one
of the thin microwave antennas, for the interstitial microwave
hyperthermia. As a result of these investigations, some cases
of actual treatments were realized by use of our developed
antenna, and the effectiveness of these treatments could be
confirmed [11].
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This time we have developed a coaxial-slot antenna aiming at
intracavitary heating for the bile duct carcinoma. Here, thick
blood vessels lay near the bile duct. Therefore, we need to
evaluate the cooling effect of the thick blood vessel placed
near the antenna. Until now, the authors have been investi-
gated the heating performances of this antenna by calculation
with a simple model in the case of the cooling effect in the



thick blood vessel is considered. This time, we measured the
heating region of this antenna by use of a dynamic phantom.
This phantom includes a cylindrical hole in which a saline
solution that simulates the cooling effect due to the thick
blood vessel is poured.

In Section 2, the scheme of the treatment and the structure of
the antenna are explained. In Section 3, the dynamic phantom
used to simulate the cooling effect of the thick blood vessel
and the procedure of numerical calculations are introduced.
Moreover, the heat transfer coefficient of the boundary
between the cylindrical hole and the phantom is calculated to
evaluate the cooling effect due to the thick blood vessel. In
Section 4, the procedure of calculation for temperature
distributions around the bile duct to confirm the validity of
measurement is shown. In Section 5, the measured and
calculated temperature distributions are discussed. Finally,
conclusions are presented in Section 6.

2. SCHEME OF THE TREATMENT AND
STRUCTURE OF THE ANTENNA

Fig. 1(a) (left) shows the scheme of the treatment and the tip
of the endoscope with the coaxial-slot antenna (right). In this
treatment, the endoscope is first inserted into the duodenum,
and a long and flexible coaxial-slot antenna is placed into the
forceps channel of the endoscope, which is used to insert the
tool for surgical treatment. Finally, the antenna is guided to
the bile duct through the papilla of Vater, which is located in
the duodenum, and the tip of the antenna is placed nearby the
target.

Fig. 1(b) shows the two thick blood vessels (inferior vena
cava and hepatic portal vein) around the common bile duct.
Here, the most important point in the treatment of hyperther-
mia is that the target is heated up to more than the therapeutic
temperature. As there are thick blood vessels around the bile
duct as shown in Fig. 1(b), it is feared that a sufficient
therapeutic region is not obtained, because of the cooling
effect of these blood vessels. Therefore, it is needed to
investigate the cooling effect due to these blood vessels.

Fig. 2 shows the structure of the proposed coaxial-slot
antenna for the bile duct treatment. This antenna is made of a
commercially available flexible coaxial cable, which is 1.8
mm in diameter. One ring slot is cut on the cable and the
outer conductor and the tip of the cable is short-circuited. We
confirmed that the fabricated prototype antenna can be
inserted into the forceps channel without any problems. Here,
the operating frequency is 2.45 GHz, which is one of the ISM
(Industrial, Scientific and Medical) band.
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3. EXPERIMENTAL SYSTEM

A.  Tissue Equivalent Solid Phantom

As shown in Fig. 1(a), this antenna will be strongly bent at the
outlet of the forceps channel of the endoscope. In the previous
experiment with a phantom, a high SAR region was observed
only at the tip of the antenna, regardless of the bent angle.
Therefore, it can be said we have only to analyze the tip of the
antenna.

Fig. 3 shows the tissue equivalent solid phantom considering
the cooling effect of the thick blood vessel. The phantom size
is 150 x 150 x 150 mm”. In this paper, only the blood vessel
(hepatic portal vein) next to the bile duct is considered. The
hepatic portal vein is modelled as a cylindrical hole of 20 mm
in diameter. We can control the velocity of the saline solution
by changing the diameter of a small hole etched on a rubber
sheet placed at the bottom of the phantom. The distance
between the hepatic portal vein and the antenna is 5 mm.
Moreover, this phantom is divided into two portions; the
upper and lower part of the observation plane.
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Fig. 3: Tissue Equivalent Solid Phantom

B.  Procedure of measurement

First, the 0.35 % saline solution is poured into the cylindrical
hole that models the hepatic portal vein. The value of the
conductivity of the 0.35 % saline solution is 2.16 S/m, which
is almost the same value that the human blood at 2.45 GHz.
During the experiment, the saline solution is continuously
poured. After heating, the upper part of the phantom is
quickly removed, and then the exposed surface of the
phantom is observed by an infrared camera.

The relative permittivity of this phantom is 47.0 and the
conductivity is 2.21 S/m, which is equivalent to the electrical
constants of human at 2.45 GHz. The heating time is 120
seconds, and the input power to the antenna is 33 W. Here,
this antenna is made of a flexible and long coaxial cable, so
we need to consider the loss of the input power. Therefore,
the radiation power from the slot is estimated to be 10.3 W by
calculation the cable loss and reflection loss of the antenna.
The initial temperature of the phantom and saline solution
was almost the same. This phantom melts over approximately
60 °C, so we paid attention to the maximum temperature of
the phantom during the measurement. Moreover, we con-
ducted a measurement with a phantom which has no cylindri-
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cal hole to compare the heating performances of the coaxial-
slot antenna without the cooling effect.

C. Calculation of the heating transfer coefficient

In this section, we calculate the heat transfer coefficient
between the saline solution and the phantom to evaluate the
cooling effect due to a thick blood vessel from the following
equation [12]:

h=Nux/D
where, Nu is the Nusselt number obtained by the following
equations:

Nu=4+0.48624In*[Rex Prx D /(18x1)]
Re=pVD/u

where, Pr is the Prandtl number (Pr = 7.001), and other
parameters of these calculations are shown in table 1 (Table 1
includes the parameter of calculation which is introduced in
the following section). These parameters are the value for
water at 20 °C. In addition, D is the diameter and / is the
length of the cylindrical hole (D =20 mm, / = 150 mm). From
these equations, / is calculated to be 1,575 W/m*K.

Here, i of the blood flow over the endocardium is approxi-
mately in the order of 1,000 ~ 2,000 W/m>K [13], [14].
Therefore, the value of the heating transfer coefficient in our
model is enough, because the 4 of the hepatic portal vein is
thought to be lower than the 4 of the blood flow over the
endocardium.

TABLE 1: PARAMETERS OF TISSUES FOR NUMERICAL CALCULATION

Phantom | Saline solution

Relative permittivity &, 47.0 79.7
Conductivity o [S/m] 2.21 2.16
Density p [kg/m’] 939 998

Specific heat ¢ [J/kgK] 3,600 4,200
Thermal conductivity x [W/m'K] 0.55 0.60
Blood flow rate* F [m’/kg-s] 0.0 0.0

Viscosity of saline solution z [J/kg'K] - 1.0 x 10

Velocity** V [m/s] - 0.021

* Flow rate of the capitally blood in the tissue
** Observed value

4. NUMERICAL CALCULATIONS

We have calculated the temperature distributions around the
bile duct to confirm the validity of the results obtained by
measurement.

First of all, we construct a calculation model and analyze the
electric field around the antenna by the finite-difference time-
domain (FDTD) method. The parameters for the FDTD
calculation are shown in Table 2. Next, the specific absorp-
tion rate (SAR) is calculated by the following equation:

SAR = Z k> [Wikg]
P

where, E is electric field around the antenna [V/m], o is the
conductivity of the tissue [S/m] and p is the density of the
tissue [kg/m’].
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Finally, we calculate the temperature distribution around the
antenna. In order to obtain the temperature distribution in the
tissue, we numerically analyze the bioheat transfer equation
[13] including the obtained SAR wvalues using the finite-
difference method (FDM). The bioheat transfer equation is
given by
orT )
pe- =KV =pp.,F(T =T, )+ p-SAR

where T is the temperature of the tissue [°C], ¢ is the time [s],
D, is the density of the blood [kg/m®], ¢, is the specific heat of
the blood [J/kg-K], T} is the temperature of the blood [°C], the
other parameters for temperature calculation are shown in
Table 1.

TABLE 2: PARAMETERS FOR FDTD CALCULATIONS

Cell size [mm] Ax, Ay 0.05
(minimum) Az 1.0 (const.)
Cell size [mm] Ax, Ay 1.0
(maximum) Az 1.0 (const.)
Absorbing boundary condition Mur (1st. order)

5. TEMPERATURE DISTRIBUTIONS

Fig. 5 shows the temperature distributions in the observation
plane, which is defined in Fig. 3. Figs. 5(a) and (b) represent
the temperature distribution in the case the cooling effect of
the thick blood vessel is considered and the case with no
cooling effect, respectively. These results show temperature
rise, which is obtained by subtracting the initial temperature
of the phantom from the temperature after the measurement.
The thick white line is a region more than 5 °C rise of
temperature.

As shown in Fig. 5(a), the cooling effect of the saline solution
is confirmed around the boundary of the phantom and the
saline solution. Moreover, the thick white line in the positive
region of x is almost the same when comparing Figs. 5(a) and
(b). Therefore, it is confirmed that the cooling effect of the
thick blood vessel appears only the surface.

The thick grey dotted line is a region more than 5 °C rise of
temperature obtained by calculation. This line is in good
agreement with the results of measurement (thick white line),
so the validity of the experiment was confirmed. Moreover,
the calculated temperature distributions is almost the same
when the heat transfer coefficient is varied between 500 ~
1,500 W/m*K. In addition, these results are in good agree-
ment with the calculated temperature result when the tem-
perature of blood vessel is equal to the initial temperature.
From these results, the effectiveness of the proposed phantom
is confirmed, and it can be said the phantom is helpful to
evaluate the cooling effect due to the thick blood vessel as the
hepatic portal vein around the common bile duct.
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6. Conclusions

In this paper, we fabricated the phantom with cylindrical hole
considering the cooling effect due to the thick blood vessel by
pouring a saline solution into the hole. We experimentally
evaluated the heating performances of a coaxial-slot antenna
for intracavitary microwave hyperthermia aiming at the
treatment of the bile duct carcinoma by conducting measure-
ments with the proposed phantom. As a result, the heated
region is observed around the tip of the antenna, although the
thick blood vessel exists at 5 mm in distance with the antenna.
Moreover, the effectiveness of this proposed phantom is
confirmed to evaluate the cooling effect due to the thick blood
vessel as the hepatic portal vein around the common bile duct.
As a further study, we will fabricate a tissue-equivalent
phantom which is able to simulate the cooling effect of
capillarities of the tissue.
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