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Abstract
Microwave ablation is a therapeutic technique that kills tumors by inducing heat generation in bio-

logical tissue through microwave emissions. Microwave ablation is a minimally invasive treatment

technique, which has the advantage of treating deeply located tumors with less bleeding than trad-

itional surgical techniques. In this study, the therapeutic effect of microwave ablation was analyzed

from the perspective of the temperature range where apoptosis and necrosis occur. Through the

numerical modelling, the tumor located inside the liver tissue was implemented, and the tempera-

ture distribution in the hepatic tissue was calculated by varying value of the microwave frequency,

microwave antenna input power, and the insertion depth of the microwave coaxial antenna.

Microwave frequencies were selected as 915, and 2450 MHz, and the insertion depth of the micro-

wave coaxial antenna was set at a distance difference between the tumor tip and the slot of 4 to

16 mm. In addition, the microwave antenna input power was set to a range of 0 to 60 W. Based on

the obtained temperature distribution, the apoptotic variables, which are parameters specifically

defined apoptosis ratios that can quantitatively verify the therapeutic effect, were calculated to

derive the microwave ablation treatment condition that maximizes the therapeutic effect for

each microwave frequency. Through the quantitative analysis of apoptotic variables, the optimal

conditions for maximum therapeutic effect were derived for each microwave frequency analyzed

in this study. For frequencies of 915 MHz, the optimal insertion depth of the antenna is 8 mm
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above the bottom of the tumor, and the optimal microwave input power is 40 W. For 2450 MHz,

the optimal insertion depth and input power were found to be 4 mm and 4 W, respectively.

Ultimately, it is expected that the results presented in this study will lead to more improved treat-

ment of microwave ablation in practice.

Keywords
Apoptosis, coaxial-slot antenna, insertion depth, microwave frequency, microwave ablation,

thermal damage

Introduction

Cancerous tumors develop in a variety of locations in the human body. The medical prac-
tice uses a variety of methods to treat them. Currently, cancer treatment is performed in
different ways, including traditional surgery, radiotherapy, chemotherapy, immunother-
apy, and thermal ablation.1–5 Since each has distinct advantages and disadvantages, an
appropriate treatment method should be adapted to individual patient. Among them,
the most commonly performed treatment technique is through the surgical removal,
which is difficult to treat tumors that occur in deep parts of the body, and there is a
risk of secondary infection because of bleeding.6 To address these limitations, the
medical field is constantly investigating various alternative treatments. Among them,
microwave ablation (MWA) is a therapeutic technique that causes tumor damage by
heating biological tissue through microwave emission.7,8 MWA is a minimally invasive
therapeutic technique, which has the advantage of causing less bleeding than traditional
surgical techniques by making incisions. In addition, it has the advantage of treating
tumors that occur in deep locations inside the human body.

MWA is a therapeutic technique that kills targeted tumors by raising their temperature.
In biological tissues, there are two main mechanisms of cell death that are temperature
dependent: apoptosis and necrosis.9 Of the two, apoptosis is programmed cell death
and involves the cell killing itself and it is known to occur for temperatures between
43 °C and 50 °C.

A number of studies have been conducted to analyze MWA through numerical ana-
lysis. Shamekhi et al.10 analyzed the MWA effect according to various antenna types.
The temperature distribution in the tissue was analyzed using three different coaxial
antennas: single-slot, double-slot, and dipole-tip, as well as a new type of antenna
called the micro-cut slot (MCS) antenna. Through theoretical and numerical analysis,
the temperature distribution was determined for blood-perfused tissues consisting of
normal and cancerous cells. As a result of the analysis, it was confirmed that a single-slot
antenna shows high effectiveness for sphere and oval tumor types. Gas11 analyzed the
MWA effect of different numbers of slots inside multi-slot coaxial antenna structures
using two-dimensional finite element analysis. The thermo-electrical characteristics of
biological tissue were considered when the frequency 2.45 GHz was employed. MWA
treatment was implemented for the brain, breast, kidney, liver, and lung tissues, and
the steady-state temperature distribution and maximum temperature reached within
each tissue by microwave antenna with different number of active slots were confirmed.
Finally, it was found that there was no significant difference in the therapeutic effect as
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the number of slots increased, and the temperature decreased rapidly as the distance from
the antenna increased. In addition, various researchers are numerically studying micro-
wave ablation.12,13

Previous MWA studies based on numerical simulations have indirectly confirmed the
therapeutic effect through calculations of electromagnetic absorption and temperature
distribution. However, most articles simply analyzed the treatment effect based on a spe-
cific temperature without information on apoptosis and necrosis, which are commonly
used in the biological field, and did not provide a quantitative treatment effect, and the
amount of thermal damage to surrounding normal tissue during the treatment progressed.
Therefore, in this study, MWA therapeutic effects were quantitatively analyzed by exam-
ining the relationship between apoptosis and necrosis. Through the apoptotic variable
proposed by Kim and Kim,14 the degree of intratumoral apoptosis and the amount of
thermal damage to surrounding normal tissues were identified, and the therapeutic
effects of various microwave frequencies and insertion depth of microwave coaxial
antenna (MCA) were analyzed. Moreover, information on the MCA insertion depth
and microwave input power with the optimal therapeutic effect for each microwave fre-
quency is finally presented.

Materials and methods

Analysis of electromagnetic wave emission behavior in biological tissue

In this study, the wave equation was used to analyze the electromagnetic wave emission
behavior of MCA inserted in biological tissues. The electromagnetic waves emitted by
the MCA are characterized by transverse electromagnetic fields, and the electric field
(�E) and magnetic field (�H) can be expressed as the following equations:15

�E = er
�C

r
ej(ωt−kpz) (1)

�H = eφ
� C

rZ
ej(ωt−kpz) (2)

C =
��������������

ZPin

π · ln router
rinner

( )
√√√√√ (3)

ω = 2πf , kp = 2π
λ

(4)

where Z, Pin, and r are the wave impedance, microwave input power, and radial coord-
inate, respectively, and ω, f, kp, and λ are the angular frequency, frequency, propagation
constant, and wavelength, respectively.

As the magnetic field is only present in the azimuthal direction, the modelling of MCA
used the wave formulation of axisymmetric transverse magnetic fields under axial sym-
metry conditions. Thus, the final wave equation in axisymmetrical can be written in terms
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of the Hφ component as follows:15

∇ × εr − jσ
ωε0

( )−1

∇ × Hφ

( )
− μr

ω2

c20
Hφ = 0 (5)

where ϵr and ϵ0 are relative permittivity and vacuum permittivity (8.854× 10−12 F/m),
respectively, and σ, μr, and c0 are electrical conductivity, relative permeability, and
speed of light in vacuum, respectively.

The boundary condition of the MCA surface is set as equation (6), assuming a perfect
electric conductor, and scattering boundary condition of equation (7) is applied to the end
surface of the biological tissue, namely11:

n̂ × �E = 0 (6)

n̂ ×
��
ε

√
�E − ��

μ
√ �H = −2

��
μ

√
Hφ0 eφ

� Hφ0 = C

Zr

( )
(7)

The boundary condition of the MCA surface is set as equation (6), assuming a perfect
electric conductor, and scattering boundary condition of equation (7) is applied to the end
surface of the biological tissue. Type of port was set to coaxial, and for port mode, trans-
verse electromagnetic mode was used.

For electrical properties, it has characteristics that vary with temperature and micro-
wave frequency.16 In this study, frequencies of 915 and 2450 MHz were selected, and
different equations were applied for the liver and tumor.16–19 First, for relative permittiv-
ity, properties at the corresponding temperature range can be calculated for each fre-
quency as shown in the following equations:

εr,liver,915MHz(T)
0.072T + 48.64 30 ≤ T ≤ 95 ◦C
−3.40T + 370 95 ≤ T ≤ 100 ◦C

30 100 ◦C ≤ T

⎧⎨
⎩ (8)

εr,liver,2450 MHz(T)
−0.042(T + 273.15)+ 47.043 37 ≤ T ≤ 100 ◦C
−14.55(T + 273.15)+ 5459.8 100 ≤ T ≤ 101 ◦C

16.67 101 ◦C ≤ T

⎧⎨
⎩ (9)

εr,tumor,2450 MHz(T)
48.16 37 ≤ T ≤ 100 ◦C
24.08 100 ◦C < T

{
(10)

For tumors at 915 MHz, the average relative permittivity obtained from in vivo experi-
ments, 64.09, proposed by O’Rourke et al.,20 was applied due to the lack of research.

Electrical conductivity also applied different equations depending on the microwave
frequency, as shown in the following equations:

σliver,915 MHz(T)
0.00897T + 0.5282 30 ≤ T ≤ 95 ◦C
−0.0512T + 6.244 95 ≤ T ≤ 100 ◦C

0.2 100 ◦C ≤ T

⎧⎨
⎩ (11)
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σliver,2450 MHz(T)
−0.0004(T + 273.15)+ 1.7381 37 ≤ T ≤ 100 ◦C
−0.78(T + 273.15)+ 294.17 100 ≤ T ≤ 101 ◦C

0.81 101 ◦C ≤ T

⎧⎨
⎩ (12)

σtumor,2450 MHz(T)
2.09 37 ≤ T ≤ 100 ◦C
1.05 100 ◦C < T

{
(13)

For the tumor at 915 MHz, the average electrical conductivity of 1.34 S/m obtained from
in vivo experiments proposed by O’Rourke et al.20 was applied.

For the electrical properties of the components of the MCA, the values were taken
from previous studies.11,21,22

Analysis of thermal behavior in biological tissue

Microwave emission from the MCA leads to a temperature increase in the tissue.
Therefore, the Pennes bioheat equation (equation (14)) was used to analyze the
thermal behavior inside biological tissues.23 The equation considers the amount of heat
transferred by blood flow and metabolism and the amount of heat transferred by the
microwave, namely24:

ρcp
∂T
∂t

= ∇ · (km∇T)+ ρbcp,bωb(Tb − T)+ Qmet + Qmw (14)

Qmw = ρSAR, SAR = σ

2ρ
|�E|2 (15)

where ρ, cp, T, and t represent density, specific heat, temperature, and time, respectively,
and km, ωb, and Qmet represent the thermal conductivity of tissue, blood perfusion rate,
and heat generation by metabolism, respectively. In this study, ρb, cp,b, and ωb were
set to 1060 kg/m3, 3600 J/kg/K, and 0.015 1/s, respectively, and Qmet was set to
33,800 W/m3.15,21

The amount of heat transferred by a microwave is expressed as Qmw, which can be
calculated from the density of the tissue and the specific absorption rate (SAR) (equation
(15)), where SAR is calculated from the electrical conductivity of the medium, density,
and the strength of the electric field.

Thermal properties of liver tissue also have characteristics that change depending on
temperature, as shown in the following equations:25–28

Wa(T) =
−0.779e

T−106
3.42( ) + 0.778 T ≤ 103 ◦C

−0.03924(T − 103)+ 0.454392 103 ≤ T ≤ 104 ◦C
0.778e −T−80

34.37( ) 104 ◦C ≤ T

⎧⎨
⎩ (16)

ρliver(T) = −300Wa(T)+ 1300 (17)

cp,liver(T) = 4190[0.63Wa(T)+ 0.37] (18)

km, iver(T) = 0.419[1.36Wa(T)+ 0.133] (19)
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For tumor, it was assumed that the thermal properties do not change with temperature and
were fixed at a single value.22 The density, specific heat, and thermal conductivity of the
tumor were set to 1040 kg/m3, 3960 J/kg/K, and 0.57 W/m/K, respectively.12,22

Numerical conditions

This study analyzed the MWA of tumors developed inside the liver tissue through numer-
ical analysis. Figure 1 shows a schematic diagram of the numerical model. It was assumed
that a spherical tumor with a radius of 10 mm developed at 40 mm from the upper bound-
ary of rectangular piece of liver tissue with a radius and depth of 40 and 80 mm, respect-
ively. The MCA consists of a catheter, conductor, dielectric, and slot, and was assumed to
be inserted into the central z-axis of the tumor. The slot was set to be 3 mm above the tip
of the MCA, and slot length was set to 1 mm. The numerical analysis was performed by
varying the insertion depth of the MCA (dm) based on the bottom end of the slot.

Finally, in this study, the effect of MWA on different microwave frequencies ( f ) and
insertion depths of MCA (dm) was quantitatively verified. Accordingly, f was set to 915,
and 2450 MHz, respectively, and dm was set in four steps from 4 to 16 mm based on the
position of the bottom edge of the slot and the bottom boundary of the tumor. The heating
time was fixed at 300 seconds, and the microwave input power (Pin) was set in 61 steps
from 0 to 60 W. Table 1 summarizes all numerical conditions. In all considered cases, the

Figure 1. Schematic view of numerical model.
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therapeutic effect of MWA was quantitatively investigated by observing the electromag-
netic and temperature behavior inside the hepatic tissue, and the conditions that produce
the optimal therapeutic effect for each working frequency were suggested.

Results and discussion

Validation of numerical simulation

First, to validate the numerical modeling, comparison, and verification with the results of
Yang et al.27 were performed. The verification model was set to insert an MCA with a
radius of 1.25 mm into the center of liver tissue with a length and radius of 40 mm, as
shown in Figure 2.

A plastic template and a plastic cutting board were placed at the top and bottom,
respectively, and the ends of each component were set to be surrounded by air. Ex
vivo experiments were performed, and liver tissues were kept refrigerated for one day
so the initial temperature of the liver was set at 8 °C, and ambient temperature was set
at 25 °C. The microwave power and frequency were set at 75 W and 2450 MHz,
respectively.

Figure 3 shows a graph comparing the results of Yang et al.27 with the results obtained
by the numerical model presented in this study. The temperature change at 4.5 and 9 mm
from the center of the slot was compared. The results were compared with previous
studies over a heating time of 150 seconds, and the average RMSE at two points was
derived as 3.5%. Checking the error at each point as a percentage, the error at the 4.5
and 9 mm points came out to be about 5.6% and 5.4%, respectively. This is because
various biological phenomena, such as protein denaturation during steep temperature
increases, are not applied for in the model. However, except for the first 50 seconds,
the averages of RMSE and error percentage decrease to 2.7%, respectively, and
through this, it was judged that the model in this study well reflects the actual
phenomenon.

Microwave power absorbed in biological tissue

Prior to analyzing the quantitative therapeutic effects of MWA, the degree of microwave
power absorption in the medium for each f and dm parameter was determined. Figure 4
shows the absorption of microwave power in biological tissue for different frequencies.

Figure 4(a) and (c) are the power deposition distribution of biological tissue, and
Figure 4(b) and (d) are the dB distribution from the maximum value. The MCA was

Table 1. Parameters of numerical analysis.

Parameter Case Iteration number Step value

Microwave antenna input power (Pin) 0–60 W 61 1 W
Microwave frequency ( f ) 915, 2450 MHz 2
MCA insertion depth (dm) 4–16 mm 4 4 mm
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inserted at a point 8 mm from the bottom boundary of the tumor based on the bottom edge
of the slot, and 30 W was applied for microwave antenna input power. In the graph, the
white circle inside represents the tumor. As shown, applied frequency determines the area
and degree of absorption of microwave power in the medium. When f= 915 MHz
(Figure 4(a)), the center part of the tumor, which is the near part of the MCA, absorbs
microwave power, and when f= 2450 MHz (Figure 4(b)), the nearly entire tumor
absorbs microwave power.

Figure 5 shows the absorption of microwave power in liver tissues as a function of
insertion depth (dm) when f= 915 MHz and Pin is 30 W. Figure 5(a) and (c) are the
power deposition distribution of biological tissue, and Figure 5(b) and (d) are the dB dis-
tribution from the maximum value. The position of the slot is fixed at a point 3 mm from
the tip of the MCA, so that for each dm, the absorption range of microwave power in the
tissue is different. Since the absorption amount and range of microwave power are closely
related to the temperature distribution inside the tumor, the temperature inside the tumor
can be maintained at the target temperature only by adjusting the appropriate Pin and
MCA insertion depth for each f.

Figure 2. Schematic view of validation numerical model.
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Temperature distribution in biological tissue

In the previous section, the absorption range and amount of microwave power inside liver
tissues for different f and dm parameters were identified. This leads to an increase in tem-
perature inside the tissue. In the case of MCA, heating begins around the slot at the tip.
This necessarily requires the MCA to be placed inside the tumor rather than on the edge
of the tumor to heat more of the tumor area. This is because heat transfer generally occurs
radially rather than in a specific direction. However, the area heated around the MCA
varies with microwave frequency, and the insertion depth must be selected to account
for this. In practical application, clinicians usually place the antenna at the edge of the
tumor to avoid peripheral tumor infiltration. However, the main goal of this study is to
set the tumor area as the target area and confirm whether the temperature increase distri-
bution is calculated properly. So for each case, the temperature distribution of the tumor
and surrounding liver tissue was confirmed. As this study analyzed the treatment effect
based on the temperature range of apoptosis and necrosis, the temperature distribution
in the tissue was also divided into these ranges.

Figure 6 shows the temperature distribution in biological tissue for different frequen-
cies, when dm= 8 mm and Pm= 30 W. The area inside the white line represents the
tumor. As shown in this figure, for the same Pin values applied, the temperature distribu-
tion inside the tumor is different depending on the applied frequency. For lower

Figure 3. Validation of obtained result.
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frequencies (Figure 6(a)), only the region close to the MCA increases the temperature of
the tumor to the necrosis region, and it was confirmed that 60% of the entire tumor area
corresponded to the apoptosis temperature range. On the other hand, when f= 2450 MHz
(Figure 6(b)), all areas within the tumor are elevated to the temperature range where
necrosis occurs, and the surrounding liver tissue is also elevated to the necrosis tempera-
ture region. This leads to excessive thermal damage, so an appropriate value of f and Pin

parameters should be given to increase the effectiveness of the treatment.
Figure 7 shows the temperature distribution in the liver tissue as a function of dm when

f is 915 MHz and Pin is 30 W. If MCA insertion depth is low (Figure 7(a)), the

Figure 4. Microwave power deposition in tissues for various frequencies (dm= 8 mm, Pin= 30 W,

t= 300 s): (a) f= 915 MHz, power deposition, (b) f= 915 MHz, dB from maximum value,

(c) f= 2450 MHz, power deposition, and (d) f= 2450 MHz, dB from maximum value.
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temperature of the lower part of the tumor enters the necrosis region, but most of the
tissue is in the apoptosis temperature range, which is the target temperature. In this
case, it was confirmed that 56% of the tumor entered the apoptosis temperature range.
However, the temperature of the liver tissue at the bottom and top of the tumor is also
in the apoptosis and necrosis temperature range, so this is considered thermal damage
and Pin should be reduced. On the other hand, if dm is increased to 16 mm
(Figure 7(b)), the temperature of the top part of the tumor contains the necrosis tempera-
ture range, and the apoptosis temperature range corresponds to 26%. For the lower part of
the tumor, the temperature will not rise to the target temperature and will remain in the

Figure 5. Microwave power deposition in tissues for various insertion depth values dm
( f= 915 MHz, Pin= 30 W, t= 300 s): (a) dm= 4 mm, power deposition, (b) dm= 4 mm, dB from

maximum value, (c) dm= 16 mm, power deposition, and (d) dm= 16 mm, dB from maximum value.

Kim and Kim 11



normal range. The temperature of the liver tissue at the top of the tumor will also rise to
the apoptosis and necrosis temperature range, causing thermal damage. However, from a
heat transfer perspective, it is believed that if Pin is appropriately regulated, conditions
exist within the tumor tissue to raise it to the apoptosis temperature range while the sur-
rounding liver tissue remains in the normal range.

Based on these considerations, in this study, temperature distributions inside the tissue
according to different Pin and dm parameters were calculated for each frequency, and the
regions corresponding to the apoptosis and necrosis temperature range of the tumor and
surrounding normal tissue were quantitatively analyzed in all cases.

Figure 6. Temperature distribution for various frequencies (dm= 8 mm, Pin= 30 W, t= 300 s):

(a) f= 915 MHz and (b) f= 2450 MHz.

Figure 7. Temperature distribution for various insertion depth values dm ( f= 915 MHz,

Pin= 30 W, t= 300 s): (a) dm= 4 mm and (b) dm= 16 mm.
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Apoptosis temperature distribution in tumor tissue

Various models have been proposed to determine cell death, such as the Arrhenius
damage model.29,30 Among various studies, Tehrani et al.29 analyzed using three-state
model of cell death. However, The study did not reflect thermophysical properties that
change depending on temperature. Additionally, quantitative thermal damage to sur-
rounding normal tissues was not presented. Accordingly, in this study, the apoptotic vari-
able proposed by Kim et al.14 was used to analyze quantitatively the degree and range of
maintenance of apoptotic temperature range in tumor tissue. Among the three apoptotic
variables, the apoptosis retention ratio (θ*A), which quantitatively determines the degree
to which the temperature inside the tumor maintains the apoptotic temperature range, is
defined as the ratio of the volume of the tumor to the volume corresponding to the apop-
totic temperature range as shown in the following equation:

θ∗A=
1
t

∫t
0

Apoptotic volume (if 43 < Vt(T) < 50
Total tumor volume

dt (20)

It ranges from 0 to 1, with a value of 1 indicating that θ*A maintains the apoptotic tem-
perature range for the total treatment time at all ranges within the tumor.

Figure 8 shows θ*A distributions as a function of Pin and dm parameters for different
frequencies. When analyzing the maintenance of apoptosis temperature in the liver tumor,
it was found that for each f and dm, there exists a Pin value at which θ*A is maximized. For
a frequency of 915 MHz, θ*A is maximized when dm is 8 mm. In the low-frequency case,
the absorption of microwave power is dominated at the bottom part of the tumor com-
pared to the radial side of the MCA. As a result, heating occurs primarily in the lower
tumor region of the MCA, so when dm has a low value, only the lower region of the
tumor maintains the apoptotic temperature. On the other hand, when dm has a higher
value of 16 mm, the heating occurs mainly in the upper part of the tumor, so the lower

Figure 8. Apoptosis retention ratio (θ*A) distributions for various insertion depth values (dm):
(a) f= 915 MHz and (b) f= 2450 MHz.
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part does not have an adequate temperature rise, resulting in a lower maximum parameter
value of θ*A. For f= 2450 MHz, the maximum of θ*A is obtained when dm= 4 mm. In
this case, heat generation occurs over a larger radial area than for other frequencies,
and the lower part of the MCA absorbs a relatively small amount of microwave
antenna input power. As a result, when dm increases, the bottom of the MCA generates
less heat compared to the radial direction, requiring more Pin to reach the target tempera-
ture. However, in the upper part of the tumor, the temperature rises beyond the apoptosis
temperature range to the temperature range where necrosis occurs. For this reason, the dm
value should be reduced to cause an appropriate temperature rise across the entire range
of the tumor.

Thermal damage to surrounding normal tissue

During the MWA procedure, MCA is inserted into the tumor site, raising the temperature
of the tumor tissue to perform the treatment. In the treatment process, the temperature
increment occurs not only in the tumor tissue, but also in the surrounding normal
tissue. This has the potential to cause unnecessary thermal damage to healthy tissue.
For tumor tissue, the apoptotic temperature range is the target temperature range for treat-
ment, but for normal tissue, this is also thermal damage, and different criteria should be
applied to the surrounding normal tissue. To confirm the amount of thermal damage, the
Arrhenius model is mainly used.31 In this study, the thermal hazard retention value (θ*H)
was used to analyze the amount of thermal damage to the surrounding normal tissue
during treatment, quantitatively.14 θ*H parameter is defined as the ratio of the weighted
sum of normal tissue around the tumor, after weighting for biological phenomena occur-
ring in each temperature range as shown in the following equation:

θ∗H=
1
t

∫t
0

∑m
j=1 Vn,t(T) · wj

Vn,t
dt (21)

For the calculated normal tissue area, up to 50% of the length was used based on the
radius of the tumor tissue. This allows for quantitative analysis of the amount of
thermal damage to surrounding normal tissue that occurs during MWA treatment.

Figure 9 shows θ*H distributions as a function of Pin and dm parameters for various
frequencies. In general, as employed frequency increases, θ*H rises for the same Pin.
This is because as frequency increases, more microwave power is absorbed, resulting
in increased heat generation in the surrounding normal tissue and increased heat transfer
to the tumor tissue. θ*H increases as dm value decreases for f= 2450 MHz. This is
because as dm decreases, heat generation occurs in the lower part of the MCA, which
leads to heat generation in the normal tissue below the tumor, causing thermal
damage. However, this trend will depend on the range over which θ*H is calculated.
In this study, θ*H was calculated for normal tissue from the tumor tip to 50% length
of the tumor radius. This is to calculate the amount of thermal damage only to normal
tissue around the tumor and does not calculate the amount of thermal damage to
normal tissue outside the applicable range. As dm increases, the temperature of the
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liver tissue above the tumor is expected to increase at 2450 MHz, and if the calculation
range of θ*H is expanded, the trend of θ*H according to dm is judged to change.

Confirmation of treatment effect and optimal treatment condition

During MWA, heating occurs simultaneously in the tumor and normal tissues. Also, the
goal of the treatment is to destroy only the tumor cells, so conditions must be found that
maximize the death of the cancerous cells while minimizing thermal damage to the sur-
rounding normal tissue cells. Therefore, the effective apoptosis retention ratio (θ*eff) was
used in this study to optimize these conditions.14 The θ*eff parameter is calculated as the
ratio of θ*A and θ*H as shown in the following equation:

θ∗eff=
θ∗A
θ∗H

(22)

By calculating the θ*eff value in all cases, the therapeutic effect was quantitatively con-
firmed and the conditions that produce the optimal treatment effect were suggested.

Figure 10 shows θ*eff distributions as a function of Pin and dm parameters for different
frequencies. Note that θ*eff value is calculated as the ratio of θ*A to θ*H, so the trend of
the result is similar to θ*A parameter. Analyzing all considered cases, it was found that for
each frequency, there exists a dm and Pin values with optimal MWA treatment effect.
Comparing with the results for θ*A, for each f and dm parameters, Pin at which θ*A max-
imizes decreases compared to the Pin at which θ*eff maximizes. This is because, from
θ*eff optimal condition perspective, it is more beneficial to reduce thermal damage to sur-
rounding normal tissue even if the apoptotic temperature within the tumor tissue is main-
tained lower. To achieve this, the amount of thermal damage to surrounding normal
tissues must be reduced by reducing the Pin. In addition, the optimal value of θ*eff is
lower compared to the optimal value of θ*A. This is because even if the temperature
inside the tumor is maintained at the maximum apoptosis temperature, thermal damage

Figure 9. Thermal hazard retention value (θ*H) for various insertion depth values (dm): (a) f=
915 MHz and (b) f= 2450 MHz.
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to the surrounding normal tissue is inevitable, and the optimal value of θ*eff is lowered to
account for this. Finally, for f= 915 MHz, the MCA insertion position at 8 mm above the
bottom boundary of the tumor was found to have the greatest therapeutic effect, and for f
= 2450 MHz, the MCA insertion position at 4 mm was found to have the greatest thera-
peutic effect. The optimal treatment conditions for each frequency are summarized in
Table 2. This allows us to determine the optimal treatment conditions for different micro-
wave frequencies and MCA insertion depths.

Conclusions

In this study, the therapeutic effect of MWA on tumors developed inside the liver was
analyzed numerically. The situation where MCA was injected into the tumor center
axis was implemented with a numerical analysis model, and the distribution of electro-
magnetic field emitted by MCA was analyzed using the wave equation, and the tempera-
ture distribution was analyzed using the Pennes bioheat equation.

The numerical analysis was performed by varying the microwave frequency, MCA
injection position, and microwave input power. After analyzing the treatment effect in
all cases, the results showed that for microwave frequencies of 915 MHz, the MCA
was inserted at a point 8 mm above the bottom of the tumor, and for 2450 MHz, the
MCA was inserted at a point 4 mm above the bottom of the tumor for achieving
maximum therapeutic effect. Based on the results of this study, it is believed that unneces-
sary thermal damage can be reduced by further reducing the margin in microwave abla-
tion, which is currently treated with a certain margin. In addition, it is expected that the
model can be used to identify conditions that deviate significantly from appropriate treat-
ment conditions, thus avoiding the need to validate unnecessary conditions through
experimental or clinical processes. However, since this study was based on numerical
analysis, it will be useful for the confirmation of the numerical results that experimental
measurements are carried out for the treatment conditions proposed in this study. In add-
ition, this study did not consider water cooling to cool the MCA, but only tissue heating
through microwave emission. Therefore, it is expected that higher input power is required
to apply the results of this study to actual treatment.
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Appendix

Notation

c0 speed of light in vacuum (m/s), c0= 299,792,458 m/s
cp specific heat capacity (J/kg/K)
dm MCA insertion depth (mm)
�E electric field strength (V/m)
f frequency (Hz)
�H magnetic field strength (A/m)
km thermal conductivity (W/m/K)
kp propagation constant (1/m)
Pin microwave antenna input power (W)
r radius (m)
t time (s)
T temperature (K)
Z wave impedance (Ω)

Greek symbols

ϵ0 vacuum permittivity (F/m), ϵ0= 8.854× 10−12 F/m
ϵr relative permittivity
θ*A apoptosis retention ratio
θ*eff effective apoptosis retention ratio
θ*H thermal hazard retention value
λ wavelength (m)
μ permeability (H/m)
μr relative permeability
ρ density (kg/m3)
σ electric conductivity (S/m)
ω angular frequency (rad/s)
ωb blood perfusion rate (1/s)

Subscripts

b blood
inner inner
outer outer
met metabolism
mw microwave
r, φ, z coordinates
0 free space

Abbreviation

MWA microwave ablation
MCA microwave coaxial antenna
MCS micro-cut slot antenna
SAR specific absorption rate
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