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Abstract² We have proposed the heating system based on a 

re-entrant cavity that can heat a localized deep region in a 

living body noninvasively. This system is superior in a local 

heating characteristic. However, when the living body was 

treated as a heating object during thermotherapy 

(hyperthermia), the effect of blood flow changes on a heating 

characteristic has to be examined. The purpose of this study 

was to establish the quantitative evaluation method of heating 

characteristics for a re-entrant type applicator. The numerical 

analyses by using three-dimensional finite element method in 

consideration of a blood flow and fundamental experiments 

with prototype system were carried out. Since the difference of 

numerical analyses and experiments was as small as about 4.2 

[%] by evaluation with full width at half maximum (FWHM), 

the validity of this numerical analysis was confirmed. 

I. INTRODUCTION 

In recent years, the thermotherapy (hyperthermia) 

attracts attention as a physical therapy of cancer. In 

hyperthermia, it is necessary to heat cancer at around 43 °C 

locally to treat it  effectively. We have proposed the heating 

system based on a re-entrant cavity that can heat a localized 

deep region in a living body non-invasively [1]. This heating 

system consists of a resonator with an inner cylinder called as 

a re-entrant that is attached to the upper and lower parts of the 

cylindrical cavity. The electromagnetic field is formed at the 

re-entrant gap intensively since the standing wave of the 

electromagnetic field is excited in a re-entrant cavity. As a 

result, a lesion inside a living body is heated effectively when 

it is inserted in this gap [2], [3]. Until now, the validity of this 

system has been confirmed and the small size re-entrant type 

applicator has been developed to heat a tumor located in a 

head and neck. 

On the other hand, it is necessary to take into 

consideration the inhomogeneous temperature distribution in 

a living body as the localized heating characteristics are 

improved. This is because the local reaction of the living body 

by the local heating occurs. For example, normal tissue has 

an about 2 ± 10 times blood flow compared with a tumor 

tissue [4]-[6]. Furthermore, in contrast to the blood flow in 

normal tissue increasing due to vasodilatation, that in tumor 

tissue hardly changes. As results, even if the same heat dose is 
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given, temperature change in each living tissue differs 

remarkably. Despite this, a cooling effect due to the blood 

flow was not taken into consideration in our previous study 

for a re-entrant type system. Then, the purpose of this study is 

the quantitative evaluation of the heating characteristics for a 

re-entrant type applicator. The numerical analyses by using 

three-dimensional finite element method in consideration of 

a blood flow, and fundamental experiments with prototype 

heating system are carried out. 

 

Figure 1.  Overview of the heating system using reentrant resonant cavity. (a) 

Cross-section of the reentrant resonant cavity. (b) Electromagnetic distribution 

inside the reentrant resonant cavity in the lowest order mode. 

II. PRINCIPLE  

The electromagnetic distribution inside the re-entrant 

resonant cavity is governed by the Helmholtz¶s equation as 

expressed as equation (1). An electromagnetic distribution is 

generated inside the resonant cavity as the lowest resonance 

mode, and shown in Fig. 1 (b).  
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(H/m). With this heating system, a standing wave is 

generated between the re-entrant electrodes, and the electric 

field strength is the strongest at the center of these electrodes, 

and decreases rapidly in the direction of the radius. In 

addition, the electric field between the re-entrant electrodes 

along the longitudinal axis is distributed as a sine function 

form, and therefore the electric field at the center of the 

electrode will be strong compared to the neighborhood of the 

electrode. This is different in the case of a conventional RF 
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capacitive heating system. Thus, by placing the target region 

for treatment between the re-entrant electrodes, deep lesions 

of a living body can be heated locally, non-invasively, and 

without contact. 

In order to calculate temperature distribution in 

consideration of a blood flow, the bio-heat transfer equation 

expressed with the following equation is used [7]. 
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where ! and !b [kg/m
3
], density of tissue and blood, 

respectively; c and cb [J/ (kgíK)], the specific heat of tissue 

and blood, respectively; T [K], temperature; Tb [K], 

temperature of blood; f [m3/s], blood flow rate; � [W/(míK)], 

thermal conductivity; and Wh [W/kg], absorbed thermal 

power density due to the heat source of RF field. In this study, 

other parameters such as the metabolism effect are neglected. 

 
III. METHODS 

A.  Numerical analysis 

First, the electromagnetic field distribution in an 

applicator (the height of a re-entrant type cavity resonator: 

950 [mm], the outside cylinder: 350 [mm], the gap length: 

400 [mm], the inner cylinder: 50 [mm]) shown in Fig. 2 was 

calculated by the finite element method (FEM). A phantom 

model of cylinder type with size of 160 × 150 [mm] was used. 

This model was made equivalent to the phantom used in the 

after mentioned experiments. 

Next, the temperature distribution inside the phantom 

was also calculated by the FEM. In order to consider the 

blood flow, the inner region (diameter of 60 [mm], height of 

150 [mm]) of this phantom was simulated as a tumor tissue 

without blood flow, and the outer region was simulated as the 

normal tissues with blood flow of 600 [ml] circulated every 

one minute (Fig. 3). The other conditions were shown in 

Table I - III. 

In this study, the heating characteristics along each axis 

of the r-direction and the z-direction defined as Fig. 2 were 

evaluated with the full width at half maximum (FWHM) after 

normalizing temperature distribution. 
 

 

Figure 2.  Numerical ayalysis model 

 

Figure 3.  Phantom model simulated blood flow  

TABLE I.  ELECTROMAGNETIC PROPERTIES OF FEM MODEL 

 Air Phantom Acrylic 

Relative permeability 1 1 1 

Relative  permittivity 1 63 2.7 

Electrical conductivity [S/m] 0 0.47 1×10
-16

 

 

TABLE II.  HEAT TRANSFER PROPERTIES OF FEM MODEL 

 Phantom Acrylic 

Thermal conductivity [W/(míK)] 0.55 0.2 

Specific heat [J/(kgíK)] 4200 1470 

Volume density [kg/m
3
] 980 1190 

 

TABLE III.  ANALYSIS CONDITIONS 

 
Without 

blood flow 

With blood 

flow 

Initial temperature [¥] 37.0 37.0 

Atmosphere temperature [¥] 37.0 37.0 

Blood flow [ml/min] 0 600 

Heating time [min] 20 20 

 

B.  Heating experiment  

The heating experiment was performed using an 

applicator with the same size as the numerical analysis. The 

block diagram of the heating system was shown in Fig. 4. 

This prototype system consists of a resonator, an RF amplifier, 

an RF oscillator and a temperature control pump. The pump 

and the acrylics container including an agar phantom were 

connected, and the heating was carried out during the 

circulation of the water with the constant temperature. The 

experimental conditions were shown in Table IV. The 

phantom in consideration of a blood flow was shown in Fig. 5. 

The shape of this phantom was cylindrical (diameter: 160 

[mm], height: 150 [mm]), and many holes with diameter of 2 

[mm] at every 10 [mm] intervals in the outer region (a larger 

region than 60 [mm] in diameters) were opened to simulate 

the blood vessels in the normal tissue. In contrast to this, the 

inner region smaller than 60 [mm] in diameters was 

simulated as a tumor tissue with few blood flows (without a 

hole). 
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Figure 4.  Heating system 

 

Figure 5.  Blood flow phantom 

TABLE IV.  EXPERIMENTAL CONDITIONS 

 
Without blood 

flow 
With blood flow 

Apply electric power [W] 40 40 

Resonance frequency [MHz] 230.51 230.07 

Initial temperature [¥] 24.3 30.3 

Atmosphere temperature [¥] 25.0 25.0 

Blood flow [ml/min] 0 600 

 

IV. RESULTS 

The temperature distributions at the central section of the 

phantom obtained from the numerical analysis and the 

experiment were shown in Fig. 6 when the SAR in the 

phantom was set at 20 W/kg. The normalized temperature 

distributions were shown in Fig. 7. From the results of the 

numerical analysis, the heating region of r- direction was 

about 53 [mm], and was decreased about 30 [%] for the 

numerical simulation and 24 [%] for the experiment shown 

in Fig. 7 compared with each case without a blood flow. 

Experimental values agreed well with the numerical analysis 

results with the error of about 4.2 [%] by evaluation of 

FWHM. However, in particular, there were some differences 

along r-direction shown in Fig. 7 (a).  

V. DISCUSSION 

As the result shown in Fig. 7 (a), the numerical analysis 

in consideration of a blood flow indicated the difference at the 

larger regions than 40 mm from the phantom¶s center 

compared with the experiment. This error corresponded to 

about 0.15 with the normalized temperature scale. This 

reason was because the blood vessel models in a phantom 

differ in the numerical analysis and the experiment. In the 

FEM model, the averaged blood flow was taken into 

consideration at the outside region as the simulated normal 

tissue. Specifically, it means that the blood vessel was 

considered in each node of this FEM model as shown in the 

conceptual diagram of Fig. 8 (a). Therefore, it is thought that 

the blood vessel in the FEM model was simulating 

comparatively well the capillary vessel in an actual living 

tissue. 

On the other hand, the blood vessel model in the phantom 

used in an experiment was shown in Fig. 8 (b). As mentioned 

above, the blood vessel was simulated as many  holes  at  10 

[mm] intervals with the diameter of 2 [mm]. Then the water 

equivalent to the volume of tissue blood flow was 

continuously circulated by using the temperature controlled 

pump. However, since the diameter of a blood vessel and the 

density in tissue differed from numerical analysis, it was 

thought that the above-mentioned difference occurred.  

In the future, in order to evaluate correctly a heating 

characteristic for the re-entrant applicator under various 

blood flow conditions, it is necessary to clarify validity of this 

numerical analysis. Then, although it differed from the 

capillary model in a living tissue, numerical analysis was 

carried out using the same blood vessel model (Fig. 8 (b)) as 

an experimental condition. 

 

 
(A) Without blood flow 

 

 
(B) With blood flow 

Figure 6.  Temperature distribution at the central section of the phantom 
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   (a) r- direction  

 

 
(b) z- direction 

Figure 7.  Normalized temperature distribution 

The normalized temperature distribution at the central 

section of the phantom with large blood vessels was shown in 

Fig. 9. The difference of the temperature distribution between 

numerical analysis with large blood vessels and the 

experiment decreased shown in Fig. 9 (a). Both error was less 

than about 0.16 in a normalized temperature scale, and 

became smaller than the error in the case of a capillary vessel 

model. On the other hand, the temperature distribution in this 

experiment indicated left-right asymmetry, and the error 

became large at the left end of the phantom. This was 

considered that the volume of the water which flows into a 

left end phantom decreased. In this experiment system, since 

it was difficult to throw same volume of water in each hole of 

the phantom, the improvement of a phantom was required. 

From these results, it was shown that the evaluation of 

heating characteristic in consideration of a blood flow is 

feasible by using this numerical analysis method. In the 

future, the heating region achieved by a re-entrant type 

applicator will be clarified against the sizes of a blood flow 

and a tumor using this method with a capillary vessel model. 

Furthermore, it is necessary to devise the phantom which 

realizes a capillary vessel model and to also perform 

experimental verification. 

VI. CONCLUSION 

In this study, the localized heating characteristics in 

consideration of tissue blood flow were evaluated by the 

numerical analysis and the experiments. As a result 

compared with the heating regions between the numerical 

analysis and the experiment, both differences were 4.2%. 

Then, it was shown that the evaluation of heating 

characteristic in consideration of a blood flow is feasible by 

using this numerical analysis method. However, the need for 

improvement was suggested about the blood vessel model in 

the phantom used in the experiment. 
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Figure 8.  Blood flow conditions 

 
(a) r-direction  

 

 
(b) z-direction 

Figure 9.  Phantom central sectional normalization temperature distribution 
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