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Chapter 1 

Introduction 

This thesis describes the studies on the medical application of microwave 

heating techniques. 

In this chapter, the background of our studies are explained. First, basic 

knowledges about the medical applications of microwave are explained. Next, 

current situation and issues of the microwave treatments are mentioned. Finally, 

studies in this thesis are proposed. 

 

 

1.1 Medical applications of microwave 

Recently, microwave dielectric heating is applied in a wide range of medical 

treatments. In this section, basic knowledges about the medical applications of 

microwave (types of medial application using microwave and differences from the 

treatments using other energy sources such as radiofrecuency (RF) current and 

ultrasonic wave) are explained. 

 

1.1.1 Treatments using microwave heating 

By applying a microwave thermal effect to biological tissue, a wide range of 

diseases, including cancer are treated [1]-[3]. Treatments using the microwave are 

roughly categorized into the following according to the heating temperature and the 

heating duration: (1) the treatments in which the lesion tissue is heated over 60ºC in 
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several minutes; and (2) the treatments in which the lesion tissue is heated at 42ºC-

60ºC for about an hour. 

In the treatments (1), the lesion part such as tumor tissue is heat-coagulated 

and necrosed by the microwave thermal effect. Here, biological tissue is coagulated 

at the temperature over 60°C [4]-[6]. By the microwave heating, coagulation of the 

biological tissue completes in several minutes and treatments finishes in the short 

time. 

The microwave coagulation therapy (MCT) for liver cancer has been practiced 

[7]-[10]. In the MCT, a needle-type microwave antenna is inserted into the tumor 

tissue under an ultrasonic image guide, and heats the tissue around the antenna 

including tumor by microwave, as shown in Fig. 1.1. Heated tissues are coagulated 

and undergo necrosis. MCT is the treatment with small physical burden on patient 

because of the short treatment time (within several minutes) and the little bleeding 

from the small incisional wound. The application of the MCT is limited for the 

treatment of the tumor with size ≤30 mm.  

Other than the MCT, the microwave endometrial ablation (MEA) for the 

treatment of excessive menstruation has been practiced [11],[12]. The catheter 

ablation treatment for the rapid and irregular heartbeats using microwave energy is 

also studied [13],[14]. 

In the treatments (2), the lesion tissues are necrosed without tissue coagulation, 

employing low-temperature (below 60°C) and long time (about one hour) heating. 

The mechanisms of these treatments are different from the treatments which use 

necrosis due to tissue coagulation. 

For example, in the high-temperature treatment for benign prostatic 

hypertrophy (BPH), enlarged prostate is heated to about 50°C for one hour by 
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microwave, protecting the urethra from thermal injury by using cooling water 

[15],[16]. 

Moreover, there is the cancer treatment called hyperthermia, in which tumor 

tissue is heated to the temperature between 42°C to 45°C [17]-[19]. At this 

temperature range, only tumor tissues suffer serious damage and undergo necrosis 

because they have higher thermosensitivity than normal tissues. The hyperthermia 

intensively kills tumor tissues conserving normal tissues. Therefore, the 

hyperthermia is applied in the case that the tumor exists in the vicinity of the 

important tissue such as a blood vessel, a lymph vessel, and a nerve tissue, etc. 

Figure 1.2 shows the hyperthermia for head and neck cancer. 

In addition to the treatments (1) and (2), applications of the microwave heating 

technique in surgical operation, such as the hemostasis of a solid organ and the blood 

vessel sealing, have been studied [20]-[21]. Figure 1.3 shows examples of the surgical 

devices applying microwave thermal effect. 

Detailed information about the principle of the microwave thermal effect and 

the influence of the biological tissue due to heating is described in Appendix. 
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Fig. 1.1. Microwave coagulation therapy (MCT) for liver 

cancer. 
 

 

 

Fig. 1.2. Hyperthermia treatment of thyroid tumor. 
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(a) Treatment of bleeding at a solid organ. 

 
(b) Treatment of a swine liver with the surgical device 

having loop-based antenna [20]. 

Fig. 1.3. The surgical device applying microwave 

heating. 
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1.1.2 Comparison with other heating sources for 

medical use 

Other energy sources which generate heat in the biological tissue, such as 

radiofrequency (RF) current and ultrasonic wave, are widely used in the medical field. 

In this subsection, differences of heating characteristics between the microwave and 

other energy sources are explained. 

The joule heat generated in the biological tissue due to the radiofrequency (RF) 

current (several hundred kHz) are applied in medical treatments such as the RF 

ablation for liver cancer, the cardiac catheter ablation for irregular heartbeat and 

RF hyperthermia [22]-[24]. The electrical scalpel widely used in surgical operation is 

the medical device which use the arc discharge induced by the RF voltage for the 

tissue heating. 

In the case of medical devices which use RF current, the biological tissue is 

arranged between an electrode pair and heated by the joule heat caused by the RF 

current, considering the tissue as the resistance element, as shown in Fig. 1.4. Here, 

the electrode pair is composed of an active electrode which heats surrounding tissue 

and a return electrode whose size is larger than or equal to the size of the active 

electrode. Strong heating effect occurs around the small-sized active electrode 

because joule heat is strong at the part of the high current density. In the case that 

the return electrode is larger than the active electrode, heating effect hardly occur 

around it because of the low current density.  

Moreover, the current path concentrates in the tissue with low electrical 

resistance, avoiding the tissue with high resistance. Generally, tissues with low 

water content ratio such as fat and bone have high electrical resistance. Moreover, 
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the decrease of the water content ratio of the tissue caused by heating leads the 

increase of the electrical resistance. This implies that current distribution in the 

tissue changes in the middle of heating. In the case that thick blood vessel exists 

near the cancer in RF ablation, the current concentrates on the blood with low 

electrical resistance. This leads insufficient heating of the target part (tumor tissue). 

Thus, current path is strongly influenced by the structure of the tissue around the 

electrodes. 

In the case of the RF ablation for liver cancer and the cardiac ablation, the large-

sized return electrode is attached to patient’s skin. If the setting of the return 

electrode to the skin is inadequate, the joule heat increases around the return 

electrode and causes thermal injury on the skin. 

The ultrasonically activated scalpel is the surgical device which uses ultrasonic 

vibration at several MHz for heating and dissection of the tissue. The mechanical 

vibration of the active blade causes some troubles in a surgical operation, as shown 

in Fig. 1.5. For example, the tissue in contact with a vibrating active blade scatters 

around. In the case of a laparoscopic surgery, scattered tissue adheres to the lens of 

the laparoscope and obstructs a visual field. Moreover, if cancer cells are included in 

the scattered tissue, tumor metastasis is caused. The tip of the active blade causes 

strong mechanical damage to the biological tissue. If this part touches the 

unexpected part of a patient’s body, serious problem will be caused. 

In the case of microwave heating, the distribution of the electromagnetic field 

around a heating antenna is not susceptible to the surrounding tissue. There is no 

need to use pair of electrodes which is potential cause of thermal injury. Moreover, 

serious troubles caused by the mechanical vibration of the device are not generated. 
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(a) Radiofrequency ablation (RFA). 

 

(b) Hyperthermia treatment using RF current. 

Fig. 1.4. Heating system by RF current. 
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Fig. 1.5. Troubles in treatments applying ultrasound 

vibration. 
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1.2 Current situation and issues of the 

medical application of microwave 

heating 

This section subscribes the current situation and issues of the medical 

treatments applying microwave heating. 

In the treatments such as MCT and MEA, small-diameter antennas suitable to 

the insertion into solid organs and lumen tissues have been used. Many previous 

studies proposed various types of antennas for these purposes [14],[25],[26]. The 

structures of the antennas are based on coaxial cable to transmit microwave power 

to a target part, as shown in Fig. 1.6. 

On the other hand, there are not enough studies about the design of an antenna 

mounted on the surgical device for the blood vessel sealing and the treatment of the 

bleeding from the organ surface. Therefore, the types of the devices available for 

these purposes are insufficient and the spread of the surgical treatments applying 

microwave heating are stagnated. In order to promote the spread of the surgical 

treatments applying microwave heating which have excellent safety compared with 

other heating sources such as radiofrequency (RF) current and ultrasonic wave, the 

increase in the types of the devices are required. 

A numerical simulation of the tissue temperature provides valuable information 

for the treatments using microwave heating [27]-[29]. For example, simulation 

results contributes to the setting of an appropriate heating condition and the 

estimating the size of the coagulated region, in preoperative planning. A coagulated 

region is estimated by the obtained temperature distribution from the numerical 

simulation, because biological tissues are coagulated at about 60°C. Moreover, the 
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numerical simulation will be useful for development of therapeutic devices. 

However, the numerical simulator which can obtain accurate temperature 

distributions in tissues have not been developed. This is because of the difficulties in 

simulating the changes of the physical properties of tissue which is caused by heating. 
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(a) Cap-choke catheter antenna for microwave cardiac 

ablation [14]. 

 

(b) Ring-slot applicator for interstitial microwave 

hyperthermia [25]. 

 

(c) Coaxial-fed dipole antenna for treatment of hepatic 

tumor [26]. 

Fig. 1.6. Heating antennas based on coaxial cable. 
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1.3 Studies in this thesis 

Based on the situations mentioned in the former section, we worked on two 

issues: (1) development of the numerical simulator to calculate the accurate 

temperature of the biological tissue under microwave heating; and (2) development 

of the forceps-type surgical device applying microwave heating. 

To obtain the temperature distribution in the biological tissue under the 

microwave heating, the electromagnetic field around the heating antenna is need to 

be calculated first. Next, the temperature of the tissue is calculated by using the 

dielectric loss in the tissue as the heating source, which is calculated from the electric 

field. In the numerical simulation of the electromagnetic field and the temperature, 

numerical models of the biological tissues which have accurate dielectric and thermal 

constants of them are necessary to obtain the realistic calculation results. Here, 

changes in the dielectric and thermal constants of biological tissues due to the 

heating should be considered. 

In this study, the numerical model of biological tissue which recreate the 

changes in the dielectric and thermal constants due to the heating was developed, 

and this model was mounted on the numerical simulator. 

Developing the forceps-type surgical device applying microwave heating for the 

various treatments such as blood vessel sealing, it is necessary to mount the tissue 

cutting mechanism on the proposed device, as well as the heating mechanism by the 

microwave antenna. In the case of existing forceps-type devices for blood vessel 

sealing applying joule heat by the RF current such as LigaSure and EnSeal, the 

tissue after sealing is mechanically cut by using the blade. The proposed device was 

also designed to have both the microwave antenna and the cutting blade. 



14 

 

In the chapter 2, study on the numerical modeling of the heated liver tissue for 

the numerical simulation of the MCT is described. Changes in the dielectric and 

thermal constants of the tissue due to the heating are numerically modeled, based 

on the empirically measured data. 

In the chapter 3, development of the numerical simulator to calculate the 

electromagnetic field and the temperature in the tissue under microwave heating is 

described. The numerical model of the liver tissue proposed in the chapter 2 is 

employed for the simulation of the MCT. 

In the chapter 4, development of the forceps-type surgical device applying 

microwave heating is described. The outline and the structure of the proposed device, 

the evaluation of the heating characteristics of the proposed device by numerical 

analyses with the simulator proposed in chapter 3, and the heating experiment using 

prototype of the proposed device are given in each section. 

Chapter 5 summarizes this thesis. 
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Chapter 2 

Physical properties of heated 

biological tissue 

2.1 Introduction 

    In the case of MCT for liver cancer and other medical treatments applying 

microwave heating, numerical analyses of the electromagnetic field and the 

temperature around the antenna inserted in the tissue provide useful information 

for evaluating the therapeutic effect of the treatment [1]-[3]. In numerical analyses 

of the electromagnetic field and temperature, the finite difference time domain 

(FDTD) method or the finite element method are employed. In these analyses, 

biological tissues are modeled as sets of voxels or as elements with physical 

components, such as dielectric and thermal properties. The numerical modeling of 

the physical properties of biological tissues in such analyses must be highly accurate 

to obtain accurate analytical results. 

Generally, biological tissues contain large amount of water in them. The 

dielectric constants (relative permittivity and conductivity) of the biological tissues 

depend on the water content ratio [wt%] of them [4]. In MCT, the water content ratio 

of the tissue around the heating antenna decreases along with heat-induced 

coagulation and evaporation [5]. At boiling temperature (100°C under atmospheric 

pressure), water contained in the tissue evaporates by absorbing the evaporated 

latent heat (2,257 kJ/kg), and the temperature of the water does not rise until the 
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evaporation finishes as in Fig. 2.1. This suggests that the reproduction of the 

behavior of the water content ratio along the heating and the modeling of the 

physical properties of the biological tissue depending on water content ratios are 

necessary for high accuracy analyses of the electromagnetic field and the 

temperature around the antenna. 

There are insufficient numbers of models of the influence of the water content 

ratio on liver tissue treated with MCT. In a previous study [1], the dielectric 

constants of heated tissues were expressed as functions of the temperature. In this 

method, dehydration-induced changes in the dielectric constants were not 

distinguished from heat-induced changes. In the case that heated and dehydrated 

tissue once cooled, such as the intermittent heating, irreversibility in dielectric 

constants of the tissue is not sufficiently modeled. In another study [5], the water 

content ratio of dehydrated tissues were approximated as a function of the 

temperature. However, the relationship between the water content ratio and other 

physical properties (dielectric and thermal constants) were not investigated. 

In this chapter, the water content ratios and dielectric and thermal constants of 

liver tissues heated under various conditions were measured, in order to evaluate 

the relationship between them. Moreover, they were numerically modeled for 

coupled analysis for electromagnetic field and temperature, as shown in Fig. 2.2. In 

this analysis, the dielectric and thermal constants of the biological tissues were 

expressed as functions of the water content ratio. The distribution of the specific 

absorption rate (SAR) in the liver was calculated by an electromagnetic field analysis 

employing the FDTD method. The obtained SARs were used as heating sources in 

the temperature analysis by the finite-difference method (FDM). In the temperature 

analysis, based on the temperatures and absorbed heat quantities of the tissues, the 
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water content ratios of the tissues were updated. These series of procedures were 

repeated until the total heating duration. 

In section 2.2, measurement of water content ratio, dielectric and thermal 

constants of heated liver tissue are discussed. Section 2.3 presents the numerical 

modeling of the liver tissue based on the measured results. Section 2.4 summarizes 

the investigations. 

 

 

 

 

 

 

Fig. 2.1. Evaporation of water. 
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Fig. 2.2. Schematic diagram of proposed numerical 

simulator. 
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2.2 Measurement of water content ratio, 

dielectric and thermal constants of 

heated liver tissue 

In this study, the dielectric and thermal constants are modeled as functions of a 

variable (i.e., the water content ratio of the tissue). The water content ratio of 

biological tissue heated at less than 100°C is expressed as a function of the 

temperature to simulate dehydration due to heat coagulation. When the tissue 

temperature reaches 100°C, the evaporation-induced decrease in the water content 

ratio caused by the absorption of the microwave energy is also modeled. 

These functions were based on empirically measured values of swine liver 

tissues heated and dehydrated under various conditions. In this study, the swine 

liver tissues were heated in one of two ways: heating with a water bath at 50–100°C 

to induce tissue dehydration by coagulation or microwave heating to induce tissue 

dehydration by evaporation. 

 

 

2.2.1 Preparation of the measurement samples 

In this study, swine liver tissue was employed because its dielectric properties 

and thermal properties are very similar to those of human liver tissue [3]. 

In our previous study of the dielectric constants and water content ratios of 

swine liver tissues heated in a water bath at 60–100°C, the minimum value of the 

water content ratio of the tissue after heating was approximately 57 wt% [4]. This 

value is likely the lower limit in heating-induced dehydration below 100°C. The 

average value of the water content ratio of the tissue before heating was about 73 
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wt%. A water content ratio lower than 57 wt% is needed in numerical modeling of 

evaporation-induced tissue dehydration. Therefore, to decrease the water content 

ratio further, microwave heating was employed for dehydration of the swine liver 

tissues, in addition to heating in a water bath. 

Figure 2.3 shows images about preparation of measurement samples. In the case 

of the heating using a water bath, pieces of swine liver tissue (mass: about 3 g, 

thickness: about 5 mm) were heated in water at 50–100°C. The water temperature 

was controlled by an induction heating (IH) device. The tissue pieces were wrapped 

in cling film to prevent water absorption. The heating duration was set to 600 s, 

which was sufficient time to dehydrate the tissue at the target temperature [4]. At 

each heat setting, five samples were prepared. 

In the case of the microwave heating, the tissue pieces were heated using a 

household microwave oven. The output power of the microwave oven was set to 100 

W, which is the minimum output power of the used oven. The heating times were 

different for each sample (5–20 min) to prepare samples with various values of water 

content ratios. For the microwave heating, 60 samples were prepared. 
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(a) Heating with water bath. 

 

(b) Heating with microwave oven. 

Fig. 2.3. Preparation of measurement samples. 
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2.2.2 Measurement method 

The dielectric constants of the prepared samples were measured using an open-

ended coaxial probe. A Keysight 85070E Dielectric Probe Kit (Keysight Technologies, 

Santa Rosa, CA, USA) was used for this purpose. 

Before measuring the dielectric constant, water remaining on the tissue surface 

was wiped off with paper. The samples were cooled to room temperature (about 20°C) 

to evaluate the relationship between the water content ratio and dielectric constant. 

The dielectric properties of biological tissue are temperature dependent. In the case 

of liver tissue at 2.45 GHz, the temperature rise leads the decrease of the relative 

permittivity and the increase of conductivity. However, variations of them are 

sufficiently smaller than those with decrease of the water content ratio. In [6], the 

ratios of the change in relative permittivity and conductivity between 30 and 50°C 

were ≤0.1/°C and ≤0.005 (S/m)/°C, respectively. In contrast, in the case of the water 

content ratio, the variations were 0.67/wt% and 0.03 (S/m)/wt%, respectively [4]. 

The water content ratio [wt%] of the prepared samples was measured by the loss 

on drying method [7]. Using this method, the water content ratio of the sample is 

obtained by comparing the mass of the sample before and after drying. In this study, 

microwave heating in a microwave oven was used to remove the water from the 

sample, the same one that was used for the preparation of the dielectric and thermal 

constant samples (Fig. 2.4). Microwave power is mainly used to heat water in 

samples, and heated water evaporates at 100°C. Therefore, the temperature of the 

sample does not greatly exceed 100°C. An excessive temperature rise leads to 

carbonization of the sample, and carbonization causes measurement errors. 

The mean values of the dielectric constants and water content ratio of the raw 
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tissue without heating measured under the above conditions were εr= 45.0, σ= 1.78 

S/m, and 73.2 wt%, respectively. These values approximately match those reported 

in the literature [4], [8]. 

The measurements of the thermal constants were carried out at the Agne 

Gijutsu Center Inc., Tokyo, Japan. The specific heat and thermal conductivity of the 

samples were measured using the adiabatic method and the hot wire method, 

respectively, at room temperature (20°C). In these measurements, two types of 

samples were employed: (1) tissue heated in a water bath at 100°C for 600 s (water 

content ratio: approximately 57 wt%) and (2) tissue completely dried by microwave 

heating (water content ratio: 0 wt%). 

 

 

 

 

Fig. 2.4. Measurement of water content ratio. 
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2.2.3 Measured results 

Figure 2.5 shows the relationship between the heating temperatures and water 

content ratios of the tissues heated using the water bath. Under each heating 

condition, the water content ratio values obtained from five samples were averaged. 

The results indicate that the water content ratios varied according to the heating 

temperature. The relationship between the water content ratio and the temperature 

was expressed as an approximate straight line by a least-squares method. 

Figure 2.6 shows the relationship between the water content ratios and 

dielectric constants of the dehydrated tissues with various water content ratios: 

heated in the water bath for 30 s, 120 s, and 600 s and heated in the microwave oven. 

In these figures, variations in the measured values can be observed at a low water 

content ratios below 60 wt%. These are caused by the nonuniform distribution of the 

water in the microwave-heated tissue. These figures indicate that the water content 

ratio affects both the relative permittivity and the conductivity. The relative 

permittivity gradually decreased along with a decrease in the water content ratio 

and converged at the minimum value. With regard to the conductivity, the value 

suddenly decreased when the water content ratio was around 40 wt%. 

Approximation curves of the relative permittivity and conductivity were obtained 

using the sigmoidal function (Gompertz function). The coefficients of determination 

R2 for approximation curves were 0.99 for relative permittivity and 0.96 for 

conductivity. These values indicate measured values were properly approximated. 

Figure 2.7 shows the measured thermal constants of the two samples. In these 

graphs, the literature values of the raw tissue, with the water content ratio 

approximated as 73.2 wt%, are also plotted [9]. These graphs indicate that the 
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specific heat and thermal conductivity also depended on the water content ratio. 

These relationships were approximated using sigmoidal function (Gompertz 

function). 

 

 

 

 

 

 

 

Fig. 2.5. Water content ratio vs. temperature. 
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(a) Relative permittivity. 

 

(b) Electrical conductivity. 

Fig. 2.6. Dielectric constants vs. water content ratio. 
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(a) Specific heat. 

 

(b) Thermal conductivity. 

Fig. 2.7. Thermal constants vs. water content ratio. 
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2.3 Numerical modeling 

Based on the measured data, numerical models of the water content ratio, 

dielectric and thermal constants of the heated liver tissue were prepared for the 

analyses by the FDTD method and the FDM.  

The numerical modeling of the water content ratio was conducted as follows: 

First, the water content of the heated tissue was considered to change, as shown in 

Figure 2.8. At temperatures below 100°C without evaporation, the water content 

ratio of the tissue was expressed as the function of the temperature variable. This 

function was obtained using the approximate straight line of the measured water 

content ratio Rw [wt%] in Fig. 2.5, as follows: 

0.86298.0)( +−= TTRw  (2.1) 

where T denotes the temperature of the tissue [°C]. In Eq. 2.1, Rw takes a value of 

73.2 wt% (the mean value of the water content ratio of liver tissue without heating) 

when T is 43.0°C. To avoid Rw having a value over 73.2 wt%, Rw was set to 73.2 wt% 

only when T was below 43.0°C. 

The water content ratio of evaporation-induced dehydrated tissue at 100°C was 

numerically modeled. The mass of the water contained in a certain tissue voxel in 

the FDTD calculation Mw [kg] was expressed as follows: 

210−×××= ww RVM ρ  (2.2) 

where V and ρ denote the mean volume [m3] and the mass density [kg/m3] of the 

voxel, respectively. Generally, water at 100°C evaporates by absorbing heat, with 



33 

 

2,257 kJ/kg the latent heat at which the evaporation of water occurs. Therefore, the 

amount of heat required to evaporate all the water contained in the voxel Qeva [J] 

was expressed as follows: 

310257,2 ××= weva MQ  (2.3) 

When the temperature of the voxel reached 100°C, the water content ratio of the 

voxel was 56.2 wt% according to Eq. 2.1. Based on the assumption that the water 

content ratio linearly decreased, the amount of heat required to reduce 1 wt% of the 

water content ratio of the voxel at 100°C ∆Qeva [J/wt%] was expressed as in Eq. 2.4: 

2.56evaeva QQ =∆  (2.4) 

The amount of the decrease in the water content ratio ∆Rw [wt%] per one time 

step ∆t [s] in the temperature analysis was expressed as follows: 

evaobtw QQR ∆∆=∆  (2.5) 

where ∆Qobt denotes the amount of heat of the voxel in the time step. ∆Qobt includes 

the heat transferred from neighboring voxels and the heat obtained from the 

electrical field. In this model, the amount of heat of the voxel at 100°C was only used 

for the evaporation of the water contained in the voxel and not for the elevation of 

the temperature. 

The relative permittivity, εr, and electrical conductivity, σ [S/m], of the 

dehydrated tissues were numerically modeled as functions using the water content 

ratio as a variable. These functions were obtained from the approximation curves 

shown in Fig. 2.6, as below: 

( ) 1.42+0.0006×69.58 = )9exp(-0.037 R
wr

wR ×
ε  (2.6) 
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( ) 0.0044×2.8 = )4exp(-0.034 R
w

wR ×σ  (2.7) 

The convergence values of these two functions were set to be the values of the 

relative permittivity and the electrical conductivity of a saline solution at room 

temperature at 2.45 GHz (εr= 71.0 and σ= 2.8 S/m). 

The specific heat, c [J/kg·K], and the thermal conductivity, κ [W/m·K], of the 

dehydrated tissues were also modeled in a similar way. These functions were also 

obtained as below from the approximation curves in Fig. 2.7: 

( ) 946+0.21×3231 = )9exp(-0.026 R
w

wRc ×
 (2.8) 

( ) 0.26×0.61 = )1exp(-0.031 R
w

wR ×κ  (2.9) 

The convergence values were set to be the values of the specific heat and thermal 

conductivity of the water at room temperature (c= 4,177 J/kg·K and κ = 0.61 W/m·K). 

As above, the water content ratio, dielectric constants, and thermal constants of 

the dehydrated tissues were numerically modeled. 

 

 

Fig. 2.8. Change in the water content ratio of the heated 

tissue. 
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2.4 Conclusion 

In this study, water content ratios, dielectric and thermal constants of liver 

tissues heated under various conditions were measured, in order to evaluate the 

relationship between them. Measured results show the water content ratio of the 

liver tissue was decreased linearly with respect to the heating temperature. 

Moreover, dependencies of the dielectric and thermal constants on the water content 

ratio were observed. 

Based on the measured results, the water content ratio and dielectric and 

thermal constants of heated liver tissues were numerically modeled for the coupled 

analysis of the electromagnetic field and temperature. The water content ratio was 

expressed as the function of the temperature in the case that the tissue temperature 

is below 100°C. The decrease of the water content ratio by evaporation at 100°C was 

also modeled. Moreover, the dielectric and thermal constants of the liver tissue were 

expressed as the functions of the water content ratio of the tissue. 

For numerical analyses of other medical treatments applying microwave heating, 

similar studies will be necessary for other biological tissues such as the cardiac tissue 

in the case of the catheter ablation [10],[11]. 

Moreover, detailed relationships between porous structures formed in the tissue 

dehydrated by microwave heating and physical constants of the tissue (dielectric and 

thermal constants) should be investigated. 
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Chapter 3 

Development of the numerical 

simulator to calculate the 

tissue temperature under 

microwave heating 

3.1 Introduction 

    In this chapter, the coupled numerical simulator for electromagnetic field and 

temperature in the liver tissue under the microwave heating is developed. In these 

analyses, the numerical models of liver tissue, whose dielectric constants and 

thermal constants are changed with the decrease of water content ratio, proposed in 

chapter 2 are employed. 

    In section 3.2, simulations of microwave coagulation therapy (MCT) for liver 

cancer are described. Here, the simulation employing the liver tissue model which 

ignores variations of dielectric and thermal constants due to heating (modeled as 

fixed values) are also conducted, for comparison. 

Section 3.3 presents the ex vivo experiment for the evaluation of the validity of 

the simulated results by the proposed numerical simulator. Section 3.4 summarizes 

this chapter. 
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3.2 Analysis of MCT 

Figure 3.1 shows a flowchart of the numerical analyses using the liver tissue 

model proposed in chapter 2. First, the distribution of the electrical field that 

radiated from the coaxial-slot antenna was calculated, with the dielectric constants 

defined by the initial water content ratios using the FDTD method. εr(Rw) and σ(Rw) 

are the water content ratio-dependent relative permittivity and electrical 

conductivity, respectively. 

Next, the values of the SAR [W/kg] of the biological tissue were obtained from 

the electrical field using the following formula: 

( ) 2SAR E
Rw

ρ

σ
=  (3.1) 

where ρ and E are the mass density [kg/m3] and root-mean-square electrical field 

[V/m], respectively. The SAR is the value of the heat generated in the biological tissue 

exposed to the electrical field. 

Using the SAR data and the initial water content ratio, the tissue temperature 

was analyzed by the following bioheat transfer equation [1]: 

( ) ( ) ( ) SAR2 ⋅+−−∇=
∂

∂
ρρρκρ bbbww TTFcTR

t

T
Rc  (3.2) 

where c(Rw) and κ(Rw) are the water content ratio-dependent specific heat [J/kg·K] 

and thermal conductivity [W/m·K], respectively. In Eq. 3.2, T is the temperature [°C], 

t is the time [s], ρ is the density [kg/m3], ρb is the density of the blood [kg/m3], cb is 

the specific heat of the blood [J/kg·K], Tb is the temperature of the blood [°C], and F 

is the blood flow rate [m3/kg·s]. The first and second terms in the right-hand side of 
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Eq. 3.2 denote the heat transfer between neighboring tissues and the heat transfer 

between the tissues and the blood flowing in the tissues, respectively. The heat 

generation in tissues by the absorption of the electrical field is denoted in the third 

term. In this analysis, the FDM was employed in the numerical calculation. The 

finite-difference approximation was based on [2]. 

In the temperature analysis, the values of the water content ratio Rw of the 

tissue voxels were updated at every time step ∆t [s]. After the temperature analysis, 

the electromagnetic field analysis was repeated using the updated water content 

ratios. In this study, three different values (0.5 s, 1 s and 6 s) were set to the duration 

of each temperature analysis te [s] to evaluate the influence of the te on the analytical 

results. The above processes were repeated until a predetermined heating duration 

th [s] had elapsed. 

In this study, all the numerical calculations were executed by self-written codes. 
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Fig. 3.1. Detailed flowchart of the numerical analyses. 
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3.2.1 Analytical model 

Figure 3.2 shows the analytical model for the electromagnetic field and the 

temperature. A coaxial-slot antenna, which radiates 2.45 GHz microwaves, was 

employed as a heating antenna [3]. A coaxial-slot antenna has been employed 

previously for interstitial heating in MCT and hyperthermia [2],[4]. The coaxial-slot 

antenna was composed of a semi-rigid coaxial cable with a diameter of 1.6 mm. A 

ring slot was cut on the outer conductor, and the tip of the cable was short circuited. 

The electric field was strong near the slot, heating the surrounding tissue. The 

antenna was covered with a catheter formed of polytetrafluoroethylene (PTFE) to 

prevent adhesion of the coagulated tissue. 

In the analyses, we employed nonuniform grids and used small-sized grids only 

for the antenna. The same grids were employed in both analyses. 

Table 3.1 lists the physical property values of the liver tissue used in the 

numerical analyses, including the values of the proposed model and those of the non-

heated tissue. In the temperature analysis, the physical properties of the PTFE were 

set to the metallic part of the coaxial-slot antenna to reduce the calculation time. 

The numerical analyses were conducted under the following two conditions: (1) 

both the dielectric and thermal constants of the tissue depended on the water content 

ratio (proposed model) and (2) both the dielectric and thermal constants were fixed. 

In both conditions, the mass density ρ [kg/m3] was the same as the mass density of 

nonheated tissue. The heat transfer by blood flow was ignored, and the blood flow 

rate F was set as 0 because the main aim of this study was to evaluate the effects of 

the changes in dielectric and thermal properties on the temperature. 

Table 3.2 lists the analytical conditions for the electromagnetic field and the 
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temperature. The maximum input power to the antenna, frequency, and total 

heating duration th were set to 40 W, 2.45 GHz, and 60 s, respectively. The net-input 

power to the antenna was changed, as well as the reflection coefficient at the feeding 

point. 

 

Table 3.1. Physical properties. 

 

Dielectric constants

Liver

εr

Cond. 1 Eq. 2.6

Cond. 2 43.03 [5]

σ [S/m]
Cond. 1 Eq. 2.7

Cond. 2 1.69 [5]

PTFE
εr Cond. 1, 2 2.1 [6]

σ [S/m] Cond. 1, 2 0 [6]

Thermal constants

Liver

c [J/kg⋅K]
Cond. 1 Eq. 2.8

Cond. 2 3,540 [7]

κ [W/m⋅K]
Cond. 1 Eq. 2.9

Cond. 2 0.52 [7]

ρ [kg/m3] Cond. 1, 2 1,080 [7]

F [m3/kg⋅s] Cond. 1, 2 0

PTFE

c [J/kg⋅K] Cond. 1, 2 1,046 [6]

κ [W/m⋅K] Cond. 1, 2 0.25 [6]

ρ [kg/m3] Cond. 1, 2 2,200 [6]
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Table 3.2. Analytical conditions. 

 

 

 

  

Parameters for FDTD calculation

Cell size [mm] (minimum) 0.1

Cell size [mm] (maximum) 1.0

Time step [ps] 0.235

Absorbing boundary condition Mur (1st order)

Parameters for FDM calculation

Cell size [mm] (minimum) 0.1

Cell size [mm] (maximum) 1.0

Time step [s] 0.001

Temperature of boundary [ºC] 37.0

Initial temperature [ºC] 37.0
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(a) FDTD model. 

 

(b) Specific heat. 

Fig. 3.2. Analytical model of MCT. 
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3.2.2 Analytical results 

Figure 3.3 shows the SAR distributions on the observation plane in the case of 

condition 1. At the start of the heating (t= 0 s), a high-SAR region formed around the 

slot. At the end of the heating (t= 60 s), the high-SAR region remained proximal to 

the slot, but the SAR around the slot significantly decreased. This change was caused 

by the decrease in electrical conductivity associated with tissue dehydration. 

Figure 3.4 shows the distributions of the water content ratio on the observation 

plane after 60 s of heating under condition 1. This figure indicates the water content 

ratios significantly decreased in the vicinity of the slot where strong electrical field 

distributes. Along this, the dielectric constants and the thermal constants of the 

tissues also decreased, which give effect on the electromagnetic field and the 

temperature distribution. 

Figure 3.5 shows the distributions of the temperature on the observation plane 

after 60 s of heating. As indicated in the figure, the size of the region over 60°C 

seemed to be about the same under both conditions. At temperatures over 60°C, 

tumor tissues will be coagulated and undergo complete necrosis. Figure 3.6 shows 

the time variations in the volume of the coagulated tissue. Here, the region where 

the temperature became over 60°C was regarded as the coagulated region. This 

figure also indicates the size of the coagulated region was mostly not influenced by 

the differences in the analytical conditions, as with the Fig. 3.5.  

Figure 3.7 shows the profiles of the temperature and water content ratio on the 

observation line which is set on the observation plane to include the slot of the 

antenna. This figure shows almost no difference in calculated results depending on 

the values of te. In condition 1, the tissue temperature slightly exceeded 100°C in the 
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region where the water content ratio was 0 wt%. An excessively high temperature 

(over 180°C) was observed near the antenna in condition 2. 

Figure 38 shows the time variation in the temperature and the water content 

ratio at the point 0 mm in Fig. 3.7. In condition 1, a gentle temperature rise was 

observed over 100°C when the water content ratio was 0 wt%. In the case of te= 6 s, 

the water content ratio decreased to 0 wt% in shorter time than the case of te= 0.5 s. 

Moreover, in the case of te= 6s, a sharp increase of the temperature was observed just 

after the time when the water content ratio decreased to 0 wt%. However, almost no 

difference in the temperature and water content ratio was shown at the end of the 

heating (t= 60 s) by the difference of te setting. 

Figure 3.9 shows the reflection coefficient at the feeding point of the antenna in 

condition 1. This figure indicates that the reflected power slightly increased over 

time under every condition of te. This can be explained by the reduction in the water 

content ratio of the tissue around the slot decreasing the power consumption in that 

region. 

In the proposed numerical analysis, SARs (heating sources in the temperature 

analysis) are calculated every te. Here, the calculated SARs are the values expressing 

decease of water content ratios and the SARs are used in the next temperature 

analysis for te. At the strong-electric-field region where water content ratio 

drastically decreases by high SARs, the temperatures and the water content ratios 

are sensitively affected by the te setting. However, almost no changes in the 

temperatures and the water content ratios are caused by the differences in te, after 

the time when the water content ratio decreased to 0 wt% at the strong-electric-field 

region. 
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(a) t= 0 s. 

 

(b) t= 60 s. 

Fig. 3.3. SAR distributions on the observation plane in 

condition 1 (te= 0.5 s). 
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Fig. 3.4. Distributions of the water content ratio after 

heating for 60 s in condition 1. The observation line is for 

Figure 3.7 (te= 0.5 s). 
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(a) Condition 1. 

 

(b) Condition 2. 

Fig. 3.5. Temperature distributions on the observation 

plane after heating for 60 s. The observation line is for 

Fig. 3.7 (te= 0.5 s). 
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Fig. 3.6. Time variation in the volume of coagulated 

tissue. 
 

 

Fig. 3.7. Temperature and water content ratio on the 

observation line. 
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Fig. 3.8. Time variation in temperature and water 

content ratio at 0.0 mm in Fig. 3.7. 

 

 

Fig. 3.9. Time variation in the reflection coefficient in 
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3.3 Ex vivo experiment 

In order to evaluate the validity of the developed numerical simulator, calculated 

temperatures were compared with the measured temperatures in the ex vivo 

experiment. The ex vivo experiment with the extracted swine liver was performed 

under the same conditions used in the numerical analysis.  

Figure 3.10 shows the time variation in the temperature at the observation point 

(0 mm in Fig. 3.7). In the figure, the measured temperatures in the ex vivo 

experiment and calculated temperatures are plotted. The temperatures were 

measured with an AM-8051E thermometer and an SF-E-200-AMP thermocouple 

(Anritsu Meter, Tokyo, Japan). The temperature values 2 s after the end of the 

microwave irradiation were measured to avoid interference. Therefore, the actual 

temperature was approximately 10°C higher than the measured value at maximum. 

Figure indicates that the measured values were similar to those obtained in 

condition 1, taking into account potential measurement errors. These results imply 

that the obtained temperature distributions under condition 1 were closer to actual 

values than those under condition 2, which ignored the change in the water content 

ratio. 
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Fig. 3.10. Time variation in temperature at 0.0 mm in 

Fig. 3.7. 
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3.4 Conclusion 

Numerical analyses of the electromagnetic field and tissue temperature at the 

time of the MCT were conducted, employing the numerical model of the liver tissue 

proposed in chapter 2. For a comparison, numerical analyses using the values of liver 

tissue at room temperature (fixed values) were performed. 

After 60 s of heating, the water content ratios of the tissue in the vicinity of the 

antenna significantly decreased, and the heating effects also decreased in these 

regions compared to the non-heated tissue. The size of the necrosis region (over 60°C) 

was successfully evaluated under two conditions, but the temperature over 100°C 

was not accurately calculated in condition 2 (i.e., both the dielectric and thermal 

constants were fixed). 

A previous study reported similar findings for tissue temperature [4]. However, 

in the method in [4], the decrease in the water content ratio was only reflected in the 

temperature analysis and not in the electromagnetic field analysis. Therefore, 

accurate distributions of the electric field (heating source) cannot be obtained, 

particularly in the vicinity of the heating antenna where tissue dehydration is 

prevalent. 

To evaluate the risk of MCT-related problems, such as charring, which may 

cause bleeding if the charred part is cast off, and the generation of surgical smoke, 

which contains toxic substances [8],[9], it is important to perform studies at 

temperatures over 100°C. 

The results of the present study imply that more accurate analyses of the 

electromagnetic field and the temperature in heated tissue can be obtained by 

examine the effects of changes in the water content ratio of tissue. The findings of 
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this study can also help to improve the safety of MCT. 

Using the method proposed in this study, the temperature of biological tissue 

heated over 100°C can be analyzed accurately, even with treatments other than MCT, 

such as radiofrequency ablation using an electric current at several hundred kHz as 

the heating source [10],[11] and hemostasis with microwave energy in surgical 

operations [6]. 

To obtain more accurate numerical analyses in MCT, heating-induced changes 

in the mass density and blood flow rate of tissue should be numerically modeled. 
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Chapter 4 

Development of the forceps-

type surgical device applying 

microwave heating 

In surgical operations, hemostasis is one of the most important treatments 

because an excessive loss of blood puts the patient at great risk.  

Surgical devices using radiofrequency (RF) (from several hundred kHz to several 

MHz) current or ultrasonic vibration have been widely used for cutting and 

coagulation of biological tissues. These devices enable simple and quick surgical 

procedures, such as the resection of biological tissue, without bleeding. They have 

many advantages and disadvantages based on the characteristics of the energy 

source employed. 

Microwaves only have a heating effect on the biological tissues, and this effect is 

not as excessive in comparison with that of the arc discharge due to the RF current 

and ultrasonic vibration. Therefore, coagulation devices using microwave energy can 

safely heat biological tissues without carbonization and mechanical damage. 

Moreover, adhesion of the coagulated tissue to the device can be prevented by coating 

the microwave radiator with a material such as polytetrafluoroethylene (PTFE). 

In previous studies, we have developed stick-shaped microwave tissue 

coagulators for the hemostasis of solid organs, such as the liver [1],[2]. These devices 

have a heating antennas on the distal ends. To stop bleeding, the distal ends of the 
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devices are pushed to the bleeding sites, radiating microwave energy from the 

antennas. However, these devices are not suitable for the hemostasis of thin tissues 

such as blood vessel and other lumen tissues, whose position is unstable in 

treatments.  

Therefore, in this study, a forceps-type surgical device for the hemostasis of thin 

biological tissues, such as blood vessels is proposed. Fig. 4.1 is an image of the 

introduced device, which has an upper jaw equipped with a heating antenna and a 

lower jaw equipped with a cutting blade. The biological tissue is grasped between the 

two jaws and heated by the heating antenna. Then, the coagulated tissue is cut with 

the blade. We have designed a heating antenna and evaluated the primary 

coagulating capability of the proposed device [3]-[5]. 

In this work, more detailed coagulating characteristics of the proposed device 

were investigated through numerical analyses and an ex vivo experiment with swine 

liver tissues. The validity of the device was evaluated through an in vivo experiment 

with swine. In the numerical analysis, the temperature of the biological tissue 

grasped with the device was calculated using the numerical simulator developed in 

chapter 3. 
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Fig. 4.1. Illustration of proposed device. Copyright © 

2015, IEEE. 
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4.1 Structure of proposed device 

The proposed device was assumed to be used in various types of surgical 

operations including water-filled laparoendoscopic surgery (WaFLES) [6]. WaFLES 

is one of novel laparoscopic surgeries, saline solution rather than carbon dioxide gas 

is employed for the swelling of the abdomen for various advantageous reasons. 

Therefore, the device was designed to effectively heat grasped tissue in saline 

solution. 

Figure 4.2 shows a simplified model of the proposed device. The mechanical 

parts for the opening/closing operation of the jaws were ignored because the main 

purpose was to evaluate the coagulation characteristics. In the numerical calculation, 

the distance between the two jaws changed according to the thickness of the tissue, 

and the overall height of the device was also changed. The thickness of the blade was 

set to be 1.0 mm (the blade enters the 1.0-mm-width slit at the tip of the upper jaw 

when cutting the grasped tissue). 

The heating antenna comprises a forked loop element at the tip of a semi-rigid 

coaxial cable for feeding. The antenna element is connected to the inner conductor of 

the coaxial cable through the center wire and to the side of the outer conductor at 

two points. Each narrow loop works as a short-circuited parallel line which transmits 

microwave power to the distal end of the antenna. The electrical field concentrates 

on the 1.0-mm slit between the two loops where the blade enters, creating a strong 

heating effect in the grasped biological tissue, near this part. The length of the 

grasping part lg [mm] was determined to induce a high intensity electrical field on 

the region where grasped tissue would exist, and to make impedance matching the 

coaxial cable in saline solution at 2.45 GHz, the operating frequency of the heating 
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antenna, one of the industrial, scientific, and medical (ISM) bands in Japan. 

The size of the device when the jaws are closed is smaller than the inner 

diameter of a trocar (= 12 mm). Trocars are surgical apparatus those are placed in 

the abdominal wall during laparoscopic surgery and work as ports for the subsequent 

placement of other surgical instruments, shown in Fig. 4.3. 

The proposed device mainly consists of polytetrafluoroethylene (PTFE), which is 

an excellent material for heat resistance, chemical resistance, electrical property 

(low loss), and biocompatibility. Moreover, PTFE prevents adherence of the 

coagulated tissue on the device. 
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(a) General view. 

 

(b) Heating antenna. 

Fig. 4.2. Structure of proposed device. Copyright © 2015, 

IEEE. 
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Fig. 4.3. Image of laparoscopic surgery. Copyright © 

2015, IEEE. 
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4.2 Numerical analyses 

In this section, the numerical analyses for the evaluation of the tissue-

coagulation characteristics of the proposed device is described. The coagulated region 

of the tissue caused by the microwave heating, was estimated based on the calculated 

tissue temperatures. For the numerical analyses, the numerical simulator proposed 

in chapter 3 was used. 

 

4.2.1 Analytical model 

Figure 4.4 illustrates the numerical model. A thin biological tissue is grasped 

with the proposed device in a saline solution (37°C), simulating the situation of 

WaFLES. Here, the region grasped between the two jaws is defined as “the grasped 

region”. The thickness of the grasped tissue changed from 0.5 to 2.0 mm and the 

width was set to 6.0 mm in all conditions. These sizes were determined assuming a 

situation in which the columnar-shaped tissue with a diameter of about 4–5 mm is 

grasped between the jaws. 

Table 4.1 lists the physical property values of the objects used in the numerical 

analyses. In this analysis, physical properties of a liver is set to the numerical model 

of the grasped tissue. The blood flow rate F of the tissue was set to 8.33×10-6 m3/kg·s. 

However, at the grasped region between the two jaws of the device, F was set to 0 

considering the compression of the jaws. The physical properties of the PTFE were 

set to the metallic part of the proposed device to reduce the calculation time. The 

relative permittivity and the electrical conductivity of the saline solution (37°C) were 

measured by using an Agilent 85070E Dielectric Probe (Agilent Technologies, Santa 
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Clara, CA, USA). 

Table 4.2 lists the analytical conditions for the electromagnetic field and the 

temperature. In the numerical analyses, the non-uniform grid is employed to 

construct the analysis area, and small-size grids are employed to constitute the small 

structures such as the antenna element. We employed the same grids in the both 

analyses. In the temperature analysis, the time step was determined to satisfy a 

stable condition [9]. The temperature of the blood Tb and the initial temperature of 

the biological tissue were set to 37.0°C. The saline solution was modeled as the object 

with constant temperature (37.0°C), assuming irrigation. 

The maximum input power to the heating antenna was set to 70 W, approximate 

maximum net input power of the microwave oscillator used in the experiment 

described in section 4.3. In the numerical analysis, the net-input power to the 

antenna was determined by subtracting the reflection power at the feeding point 

from 70 W. The total heating duration th was set to 10 s.  

In this study, two different values (0.5 s and 1 s) were set to the duration of each 

temperature analysis te [s]. 
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Fig. 4.4. FDTD analytical model. Copyright © 2015, 

IEEE. 
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Table 4.1. Physical properties. Copyright © 2015, IEEE. 

  

Dielectric constants

Liver
εr Eq. 2.6

σ [S/m] Eq. 2.7

PTFE
εr 2.1

σ [S/m] 0

Saline solution 

(0.9 w/v%)

εr 71.00

σ [S/m] 2.80

Thermal constants

Liver

c [J/kg⋅K] Eq. 2.8

κ [W/m⋅K] Eq. 2.9

ρ [kg/m3] 1,080 [7]

F [m3/kg⋅s] 8.33×10-6 [8]

PTFE

c [J/kg⋅K] 1,046

κ [W/m⋅K] 0.25

ρ [kg/m3] 2,200

Blood
cb [J/kg⋅K] 3,960 [8]

ρb [kg/m3] 1,060 [8]
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Table 4.2. Analytical conditions. Copyright © 2015, IEEE. 

  

 

 

  

Parameters for FDTD calculation

Cell size [mm] (minimum) 0.1

Cell size [mm] (maximum) 1.0

Time step [ps] 0.192

Absorbing boundary condition Mur (1st order)

Parameters for FDM calculation

Cell size [mm] (minimum) 0.1

Cell size [mm] (maximum) 1.0

Time step [s] 0.001

Temperature of boundary [ºC] 37.0

Temperature of blood [ºC] 37.0

Initial temperature [ºC] 37.0
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4.2.2 Analytical results 

Figure 4.5 shows the reflection coefficients at the feeding point of the device at 

t= 0 s, under the conditions of lg= 5 mm, 10 mm, and 15 mm. This figure indicates 

that the device work efficiently at 2.45 GHz in the case of lg= 10 mm. In this case, 

the length from the distal end of the antenna element to the coaxial cable assumed 

to be approximately 1/4 wavelength, under the situation in which the antenna 

element is surrounded by the various types of media, in particular, the saline 

solution which have high relative permittivity and makes strong wavelength 

shortening effect. This means that the frequency characteristics of the input 

characteristics were strongly affected by the saline solution, instead of the grasped 

tissue. 

As a result, the length of the grasping part lg which makes the device operate 

efficiently at 2.45 GHz was determined as 10 mm. Therefore, following numerical 

analyses were performed with the device in the case of lg= 10 mm. 

Figure 4.6 presents the distributions of the electrical field induced by the heating 

antenna (tissue thickness: 2.0 mm) at the start of the heating (t= 0 s) and the end of 

the heating (t= 10 s). Figure 4.6 (a) and (b) show that strong electrical field is 

generated around the slit of the antenna. Figure 4.6 (c) and (d) show a relatively 

strong electrical field induced along the cutting blade of the lower jaw. Figure 4.6 (e) 

and (f) show that the strong electric field distributes in the region including the 

grasped tissue. Moreover, these figures show decreases of the electrical field inside 

the tissue due to 10 s of heating. 

Figure 4.7 shows the SAR distributions of the grasped region (tissue thickness: 

2.0 mm). At the start of the heating (t= 0), a high-SAR region formed around the slit 
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of the heating antenna. At the end of the heating (t=10 s), the SARs around the slit 

significantly decreased. This change was caused by the decrease in electrical 

conductivity associated with tissue dehydration. 

Figure 4.8 shows the distributions of the water content ratio on the observation 

plane after 10 s of heating. This figure indicates the water content ratios significantly 

decreased in the vicinity of the slit where strong electrical field distributes. Along 

this, the dielectric constants and the thermal constants of the tissues also decreased, 

which give effect on the electromagnetic field and the temperature distribution. 

Figure 4.9 shows the distributions of the temperature on the observation plane 

after 10 s of heating. These figures indicate that the part of the tissue that contacts 

with the saline solution strongly receives the cooling effect due to the saline solution. 

In Fig. 4.9 (c), the area surrounded by a dotted line means the region heated to over 

60°C (the coagulation temperature of biological tissues). This means that the grasped 

tissue except the region where strong cooling effect due to the saline solution works 

is extensively coagulated. Similar temperature distributions were observed even in 

the numerical analyses with other tissue thicknesses than 2.0 mm. 

Figure 4.10 shows the time variations in the temperature and the water content 

ratio at observation point. The observation point was set at the center of the grasped 

tissue in every thickness of the tissue as in the Fig. 4.7 (g). These figures show that 

the temperatures at the observation points rose to around 100°C for about one second 

under every analytical condition. In Fig. 4.10 (a) and (b), the sharp temperature rise 

was observed at the time when the water content ratio decreased to 0 wt% under 

both te conditions. These are the analysis errors caused by the process that the SARs 

are updated every te. In the case that extremely high SARs are used for heating 

sources, smaller te is required to suppress the error. 
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Figure 4.11 presents the ratio of the coagulated-tissue volume in the grasped 

region. The coagulated-tissue region was defined as the region whose water content 

ratio was less than the value at 60°C. This figure indicates that the 10 s of heating 

made the volume exceeding 70% of the grasped region coagulated, under every 

analyzed situations. As shown in Fig. 4.9, the non-coagulated region concentrates on 

the surface part of the grasped region. In order to stop the blood flow in the grasped 

tissue, it is necessary to coagulate the inner part of the tissue rather than the surface. 

These results showed the sufficient tissue-coagulating capability of the proposed 

device for the surgical procedures such as hemostasis and blood vessel sealing. 

Moreover, there were almost no changes in values at 10 s regardless of the te 

conditions, in each thickness. 

Figure 4.12 shows the time variations in the reflection coefficient at the feeding 

point of the antenna. This figure indicates that there were almost no changes in the 

reflected power through the 10 s of heating under every analytical condition. 

Regarding every tissue thickness condition, the reflection coefficient under the 

condition of te= 1 s were a little higher than that under the condition of te= 0.5 s. 

This was because that the water content ratios of the tissues near the antenna 

decreased and the dielectric properties also decreased in the case of te= 1 s more 

than the case of te= 0.5 s. 
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Fig. 4.5. Reflection coefficient at feeding point at t= 0 s. 
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(a) Plane in contact with 

upper jaw (t= 0 s). 

(b) Plane in contact with 

upper jaw (t= 10 s). 

  

(c) Plane in contact with 

lower jaw (t= 0 s). 

(c) Plane in contact with 

lower jaw (t= 10 s). 
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(e) Cross section including center point of device (t= 0 s). 

 

(f) Cross section including center point of device (t= 10 s). 

Fig. 4.6. Distributions of electrical field (te= 1 s). 

Copyright © 2015, IEEE. 
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(a) Surface in contact with 

upper jaw (t= 0 s). 

(b) Surface in contact with 

upper jaw (t= 10 s). 

  

(c) Surface in contact with 

lower jaw (t= 0 s). 

(d) Surface in contact with 

lower jaw (t= 10 s). 
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(e) Cross section (t= 0 s). (f) Cross section (t= 10 s). 

 

(g) Observation planes. 

Fig. 4.7. SAR distributions of grasped region (te= 1 s) 
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(a) Surface in contact with 

upper jaw. 

(b) Surface in contact with 

lower jaw 

 

(c) Cross section. 

Fig. 4.8. Water content ratio distributions of grasped 

region after heating (t= 10, te= 1 s). 
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(a) Surface in contact with 

upper jaw. 

(b) Surface in contact with 

lower jaw 

 

(c) Cross section. 

Fig. 4.9. Temperature distributions of grasped region (t= 

10 s, te= 1 s). Copyright © 2015, IEEE. 
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(a) Thickness of tissue = 0.5 mm. 

(b) Thickness of tissue = 1.0 mm. 
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(b) Thickness of tissue = 2.0 mm. 

Fig. 4.10. Time variation in temperature and water 

content ratio at observation point. 
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Fig. 4.11. Time variation in the ratio of coagulated tissue 

in grasped region. 

 

Fig. 4.12. Time variation in the reflection coefficient. 
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4.3 Ex vivo experiment 

In the preceding section, the tissue-coagulation capability of the proposed device 

was confirmed by the numerical analysis. This section describes the ex vivo 

experiment to evaluate the validity of the proposed device. In this experiment, a 

simplified prototype of the proposed device which has only heating mechanism was 

employed for evaluation of tissue-coagulation capability. This prototype has a 

heating antenna, and an aluminum plate without cutting capability, imitating the 

cutting blade.  

In this investigation, a thinly sliced swine liver tissue simulating a human blood 

vessel was employed. A swine liver has dielectric and thermal properties equivalent 

to those of human's liver [9]. Moreover, differences between the physical properties 

of a liver tissue and a blood vessel tissue, the main target of the proposed device, are 

small [7], [10]. 

 

 

4.3.1 Experimental system 

Fig. 4.13 shows the simplified prototype of the proposed device. The upper jaw 

is composed of a heating antenna coated with epoxy resin, and the lower jaw consists 

of acrylic resin with an aluminum plate. The sizes of the jaws, important part for the 

tissue heating, follow those of Fig. 4.2. Figure 4.14 shows the experimental system. 

A thinly sliced swine liver tissue was grasped and heated with the prototype in saline 

solution whose temperature was kept at approximately 30°C. The size of the liver 

tissue was 6 mm in width and 2 mm in thickness, in the state of being grasped 

between the jaws. Figure 4.15 expresses the reflection coefficient at the feeding point 
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of the prototype during tissue heating in saline solution. This figure indicates that 

the prototype operates excellently at 2.45 GHz as well as the numerical model. 

The net input power to the proposed device during the heating was monitored 

with R&S®RNT Power Reflection Meter and the NRT-Z44 Power Sensor (Rohde & 

Schwarz, Munich, Germany). In this experiment, the net input power was calculated 

by subtracting the reflected power from the forward power and controlled to 70 W. 

The duration of the tissue heating was set to 10 s. 

 

 

 

 

Fig. 4.13. Prototype of proposed device. Copyright © 

2015, IEEE. 
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(a) Experiment system. 

 

(b) Photograph of setup. 

Fig. 4.14. Setup of ex vivo experiment. Copyright © 2015, 

IEEE. 
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Fig. 4.15. Reflection coefficient at feeding point of device 

grasping tissue in saline solution. Copyright © 2015, 

IEEE. 
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4.3.2 Experimental results 

Figure 4.16 shows the state of the tissue heated with the prototype. Here, the 

observation planes are the same as those of Fig. 4.9. In each figure, the discolored 

area of the tissue is the region where liver tissue was coagulated. The grasped region 

is expressed by the broken line. These pictures indicate that the coagulated region is 

almost identical to or a little larger than the grasped region. On the other hand, the 

numerically calculated temperature was widely lower than the coagulating 

temperature (60°C) on the surface of the tissue. However, in the almost all volume 

of the grasped region, the temperature exceeded 60°C. This temperature distribution 

was caused by the overestimation of the cooling effect at the tissue surface by the 

saline solution, in the numerical analysis. Taking into account this inadequacy, the 

experimental results indicate the validity of the analytical results. 

The experimental results showed the sufficient tissue coagulating capability of 

the prototype of the proposed device. Moreover, these results indicated the validity 

of the proposed device for the tissue coagulation. 
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(a) Surface in contact with 

upper jaw. 

(b) Surface in contact with 

lower jaw. 

 

(c) Cross section. 

Fig. 4.16. State of tissue after heating. Copyright © 2015, 

IEEE. 
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4.4 In vivo experiment 

The studies in the section 4.2 and 4.3 confirmed the validity of the proposed 

device for tissue coagulation. In this section, to evaluate the effectiveness of the 

proposed device for the actual surgical procedure, an in vivo experiment with a living 

swine was conducted. The experimental protocol was conducted in accordance with 

the guidelines of the Committee on the Ethics of Animal Experiments of Chiba 

University. 

Figure 4.17 illustrates the experimental system. Simulating the conditions of 

WaFLES, the abdominal cavity of a swine under general anesthetic was filled with 

the saline solution (37°C). The surgical procedure was performed through an incision 

on the abdominal wall without using a trocar. In this experiment, the procedure was 

performed by a surgeon using the proposed device. The prototype of the proposed 

device was employed to stop the blood flow of the vein while removing the prostate. 

The net input power and the heating duration were set to 60 W and 10 s, respectively. 

Here, the reflection coefficient at the feeding point of the device which was estimated 

using the power reflection meter was less than -10.0 dB at 2.45 GHz. Figure 4.18 

shows the photograph around the incision site. 

Figure 4.19 shows the laparoscopic images of the surgical site. Fig. 4.19 (a) 

indicates the bleeding from the small wound. This is typical venous bleeding 

generated in a surgical site, according to the subjective evaluation of the surgeon. As 

in Fig. 4.19 (b), this bleeding site was treated with the prototype. Fig. 4.19 (c) 

indicates that the heating with the prototype stopped the bleeding. 

The results of the in vivo experiment confirmed some effectiveness of the 

proposed device for the actual surgical procedure. 
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Fig. 4.17. System of in vivo experiment. Copyright © 

2015, IEEE. 

 

 

Fig. 4.18. Photograph around incision part. Copyright © 

2015, IEEE. 
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(a) Before heating. 

 

(b) Beginning of heating. 

 

(c) After heating. 

Fig. 4.19. Laparoscopic image of surgical site. Copyright 

© 2015, IEEE. 
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4.5 Conclusion 

In this chapter, a forceps-type surgical device employing microwave heating for 

the hemostasis and the sealing of the thin biological tissues, such as blood vessel and 

other lumen tissues, was proposed. 

The tissue-coagulation capability of the proposed device was confirmed by a 

numerical analysis and an ex vivo experiment. In the numerical analysis, the tissue 

-coagulating capability of the proposed device was estimated by the temperatures 

and water content ratios. These values were analyzed by using the numerical 

simulator proposed in chapter 3. In the ex vivo experiment, the simplified prototype 

of the proposed device was employed. In these studies, the numerical model and the 

experimental system simulating the condition of WaFLES were employed. The 

results of these investigations indicated the effectiveness of the proposed device for 

the coagulation of tissue. 

Moreover, to evaluate the effectiveness of the proposed device for actual surgical 

procedures, an in vivo experiment with living swine was conducted. In this 

experiment, the prototype of the proposed device was used for the treatment of a 

venous hemorrhage, in the situation simulating WaFLES. As a result, some 

effectiveness of the proposed device for the actual surgical procedures was confirmed. 

In order to realize the practical use of the proposed device in surgical operations, 

further studies are required. An in vivo experiment to evaluate the effectiveness of 

the arterial hemostasis should be performed. Moreover, the function to detect 

coagulation and hemostasis of the grasped tissue should be equipped to the proposed 

device, to prevent excessive heating. 
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Chapter 5 

Conclusion and future tasks 

This thesis describes two kinds of studies relating to the medical application of 

the microwave heating to the biological tissue. The first one is the development of 

the numerical simulator for the medical treatment applying microwave heating such 

as MCT. The second one is the development of the forceps type surgical device for 

the blood vessel sealing applying microwave heating. 

In chapter 2, physical properties of the liver tissue under the heating were 

numerically modeled for the development of the numerical simulator to obtain the 

electromagnetic field and the temperature in the heated tissue. 

First, water content ratios, dielectric and thermal constants of liver tissues 

heated under various conditions were measured, in order to evaluate the relationship 

between them. As a result, strong dependencies of the dielectric and thermal 

constants on the water content ratio were observed. Measured results also shows the 

water content ratio of the heated tissue depends on the heating temperature. 

Based on the measured results, the dielectric and thermal constants of the liver 

tissue were expressed as functions of the water content ratio of the tissue. On the 

other hand, the water content ratio of the tissue was modeled considering both 

dehydration mechanisms, the dehydration by the temperature rise below 100°C and 

the evaporation at 100°C. The stagnation of the temperature rise due to the water 

evaporation at 100°C was also simulated by considering the evaporation latent heat 

of water. 
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In chapter 3, the development of the numerical simulator which analyzes 

accurate temperature distribution in the biological tissue under the microwave 

heating was explained. 

In the developed simulator, the decrease of the water content ratio of the tissue 

caused by the heating and the changes of the dielectric and thermal properties of the 

tissue due to the decrease of the water content ratio were simulated, by employing 

the tissue model proposed in chapter 2. 

As a result, the tissue temperature under the MCT calculated by the developed 

simulator agreed with the measured value, compared with the simulator which 

ignored the decrease of the water content ratio, especially in the case that tissue 

temperature exceeds 100°C. 

The developed simulator will provide the valuable information for the setting of 

the optimum heating conditions (the input power to the antenna and the heating 

duration) to safely and efficiently treat the region of the tumor, in the MCT. 

The method in the developed simulator can also be applied to other treatments 

applying the microwave thermal effect, such as microwave catheter ablation for 

cardiac disease, to avoid the postoperative complications cause by the inadequate 

heating. 

In chapter 4, the development of the forceps-type surgical device applying 

microwave thermal effect was described. The proposed device was designed to be 

used for the blood vessel sealing. This study mainly focused on the development of 

the heating antenna which is the most important part of the proposed device. 

The coagulating capability of the device was evaluated using the distribution of 

the temperatures and the water content ratios inside the tissue grasped with the 

device, which was obtained by using the numerical simulator proposed in chapter 3. 
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Results of numerical simulations and some experiments indicated that the 

designed antenna has sufficient heating characteristics to coagulate the biological 

tissue and stop the blood flow in the blood vessel. These results imply that the 

proposed device will be realized by attaching the designed antenna and the tissue 

cutting mechanism. 

By using the proposed device and the devices which were developed in the 

previous studies, various types of surgical treatments using the microwave thermal 

effect would be provided in the surgical operation. 

As above, outcomes of studies in this thesis will promote the medical application 

of the microwave heating. 

The details of the future tasks related to the development of the numerical 

simulator and the surgical device are described as follows.  

In Chapter 4, in the case extremely strong electric fields are generated in the 

biological tissue, the inaccurate temperatures were calculated. In order to improve 

the accuracy of the calculation, the modification of the calculation algorithm is 

required. Moreover, the numerical model of a liver tissue which reproduces the heat-

induced changes of the mass density and the blood flow rate of tissue will be 

developed for more accurate numerical calculation. The mass density of a tissue is 

expected to depend on the water content ratio, as with the dielectric and thermal 

constants. In order to reproduce the heat-induced change of the blood flow rate, the 

investigation about the forming conditions of the blood clot which stems the blood 

flow is required. In addition, the numerical simulator available for treatments using 

microwave heating other than microwave coagulation therapy (MCT) of liver cancer 

such as microwave catheter ablation, will be developed. Therefore, other types of 

biological tissue except for liver tissue will be numerically modeled by the same 
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method in this study. 

The detailed evaluation of the usefulness of the proposed surgical device is 

required, by using the prototype of the proposed device available to real clinical use. 

Moreover, the function to detect the tissue coagulation should be provided to the 

proposed device, to avoid excessive heating of the tissue, which is capable of causing 

various postoperative complications. For this purpose, the electrode pair for the 

measurement of the impedance at several hundred kHz which strongly reflects the 

tissue coagulation will be attached to the device. In addition to this, by applying a 

bimetal or a shape memory alloy, whose shape changes according to temperature, 

the heating antenna with temperature control mechanism will be developed. 
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Appendix 1 

Principle of the microwave 

heating technique 

Generally, biological tissues contain large amount of water in them. For example, 

the water content ratio of the muscle tissue and the liver tissue are about 80 wt% 

and 73 wt%, respectively [1]. Under the alternating electrical field, the water 

molecule causes dielectric polarization (orientation polarization), as shown in Fig. 

A.1. Here, the dielectric property of the material under the alternating electrical field 

is represented as a complex dielectric constant ε [F/m] as follow: 

εεε ′′−′= j  (A.1) 

where ε’ and ε″ are the real part and the imaginary part of the complex dielectric 

constants. The imaginary part is the value which indicates the degree of the 

dielectric loss. The dielectric loss generates heat in the material. 

The microwave heating of the biological tissue is mainly based on the dielectric 

loss occurred in the water molecules contained in the tissue. Therefore, tissues with 

high water content ratio are efficiently heated by microwave because of the high 

dielectric loss. In the Ref. [1], the dependencies of the dielectric constants of the 

biological tissues on the water content ratio in the microwave and millimeter band 

were observed.  

The amount of the heat produced in the tissue by the dielectric loss is 
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represented by the specific absorption rate (SAR) [W/kg] as follow: 

2SAR E
ρ

σ
=  (A.2) 

where σ, ρ, and E are the electrical conductivity [S/m], the mass density [kg/m3], and 

the root-mean-square electrical field [V/m], respectively. The electrical conductivity 

is represented by Eq. A.3. 

ionof σεεπσ +′′= 2  (A.3) 

Here, f, ε0, and ε″ are the frequency [Hz], the dielectric constant of vacuum (= 

8.854×10-12 F/m), and the imaginary part of the complex relative dielectric constant, 

respectively. The electrical conductivity of the biological tissue also includes the loss 

due to the ionic conduction σion [S/m] [2].  

Thus, the heat generation in the biological tissue by the microwave is mainly 

cause by the electrical field component in the microwave. While, the magnetic field 

component do not generate heat in the biological tissue, because biological tissues 

are non-magnetic materials. 
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(a) Schematic diagram of polarization. 

 

(a) Relative permittivity of the water at 25ºC [3]. 

Fig. A.1. Dielectric polarization (orientation 

polarization) of the water molecule. 
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Appendix 2 

The influence of the biological 

tissue due to heating 

Biological tissues cause complex reactions by the heating [4]. Here, these 

reactions are mainly caused by the existence of the various types of proteins inside 

and outside of the cell [5]. These proteins are roughly divided into two types, 

functional proteins and structural proteins. 

Functional proteins such as vital enzymes included in the cells are heat-

denatured and inactivated, even under a low-temperature condition of about 42°C 

[6]. To heat biological tissues at this temperature range, cell metabolisms are 

inhibited and necrosis is caused. The high-temperature treatment for BPH and the 

hyperthermia, treatments which employ low-temperature heating, are based on the 

necrosis due to the heat-denaturation of functional proteins. 

Structural proteins are denatured at the comparatively high temperature of about 

60°C [7]-[9]. The denaturation of the functional proteins immediately causes necrosis 

[10]. Generally, this phenomenon is known as the coagulation of the biological tissue. 

The MCT and the MEA are treatments based on the necrosis due to the heat-

denaturation of the structural proteins. 

The denaturation of the structural proteins can be visually discriminated by the 

discoloration (lighter color) and the shrinking of the tissue. While, denaturation of 
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the functional proteins are not accompanied with visual changes of the tissue. 

Moreover, denaturation of the structural proteins causes the decrease in the water 

contained in the tissue, because the intracellular and extracellular fluid are squeezed 

out due to the tissue shrinking. 

Moreover, it has been known that blood clots is formed inside the blood vessel 

by heating [11],[12]. It is considered this is the mechanism of the hemostasis by the 

microwave heating. However, there are not much studies about the relationship 

between the forming of the blood clots and the heating temperature. 
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