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A B S T R A C T

Computational techniques can enhance personalized hyperthermia-treatment planning by calculating tissue
energy absorption and temperature distribution. This study determined the effect of tumor properties on energy
absorption, temperature mapping, and thermal dose distribution in mild radiofrequency hyperthermia using a
mouse xenograft model. We used a capacitive-heating radiofrequency hyperthermia system with an operating
frequency of 13.56MHz for in vivo mouse experiments and performed simulations on a computed tomography
mouse model. Additionally, we measured the dielectric properties of the tumors and considered temperature
dependence for thermal properties, metabolic heat generation, and perfusion. Our results showed that dielectric
property variations were more dominant than thermal properties and other parameters, and that the measured
dielectric properties provided improved temperature-mapping results relative to the property values taken from
previous study. Furthermore, consideration of temperature dependency in the bio heat-transfer model allowed
elucidation of precise thermal-dose calculations. These results suggested that this method might contribute to
effective thermoradiotherapy planning in clinics.

1. Introduction

Mild hyperthermia (39–44 °C) is a complimentary therapeutic
technique used in conjunction with radiation and chemotherapy to
enhance therapeutic effectiveness (van der Zee, 2002). To integrate the
use of hyperthermia therapy in clinics, hyperthermia-treatment plan-
ning tools are used to optimize cancer-treatment quality with the help
of computational simulations. Generation of a computational model,
calculation of power deposition, and determination of temperature
distribution and thermal dosing are the major steps in hyperthermia-
treatment planning (Paulides et al., 2013). Additionally, the dielectric
properties of tissues should be carefully identified to allow accurate
energy and thermal dose calculations. Several studies reported the di-
electric properties of normal tissues over a wide range of frequencies
(Gabriel et al., 1996a, 1996b, 1996c); however, additional studies are
needed to understand the behavior of tumor properties, especially at
frequency ranges< 50MHz.

In hyperthermia-treatment planning using electromagnetic fields,
dielectric property values are vital for the calculation of specific ab-
sorption rates (SAR) and thermal doses. The energy absorption of bio-
logical tissues in electromagnetic fields depends upon their relative

permittivity (dielectric constant) and electrical conductivity with re-
spect to a specific frequency (Joines et al., 1994). With increases in
frequency, the relative permittivity and conductivity are expected to
change by maintaining the same trend from low to high frequencies
(Gabriel et al., 1996a, 1996b, 1996c). For frequencies< 100MHz, in-
creases in the dielectric properties of tumor tissues results from the
charging of cell membranes, with minor contributions from protein
constituents and ionic diffusion along the tissue surface (Foster and
Schepps, 1981). For frequencies> 100MHz, the dielectric properties of
tissues can be explained based on the percentage of water content in the
tissues, with tumors speculated to have higher water content than the
surrounding normal tissues (Foster and Schepps, 1981; Joines et al.,
1994). In general, tumors exhibit relatively high electrical conductivity
and relative permittivity as compared with normal tissues; however,
previous studies reported that some tumors exhibit similar or lower
conductivity and permittivity values as compared with normal tissues
(Joines et al., 1994; Yoo, 2004).

Unlike normal tissues, conductivity and permittivity values in tu-
mors differ and are subject to change according to the organ or tissues
in which they grow (Yoo, 2004). A previous study reported that for
frequencies ranging from 50MHz to 100 GHz, the permittivity and
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conductivity of malignant tissues in organs, such as bladder, colon,
liver, lymph nodes, mammary glands, spleen, and testis, were higher
than that in normal tissues; however, few tumors, such as those in the
kidney and lung, showed lower permittivity than the normal tissues,
and the lung tumor showed lower conductivity relative to the normal
tissues (Joines et al., 1994). Few studies have measured the dielectric
properties of tumors using mouse models (Raoof et al., 2013; Rogers
et al., 1983; Yoo, 2004). One group measured properties associated
with brain, gastric, breast, and colon tumors from 500MHz to 5 GHz,
reporting that all tumors exhibited relatively high dielectric properties
as compared with normal tissues; however, each of those tumor-specific
dielectric properties was similar (Yoo, 2004). A study of normal tissues,
liver, and pancreatic tumors reported that tumors exhibited higher di-
electric properties than normal liver and pancreas tissue. Additionally,
they reported that the values for the liver tumors were higher than
those of pancreatic tumors within a frequency range of 10MHz to
3 GHz (Raoof et al., 2013). Moreover, liver-tumor measurements from
100MHz to 5 GHz in four cancer patients showed that tumors in each
patient displayed a different dielectric property, with one patient
having relatively low permittivity values relative to normal liver tissues
due to pathological changes (Peyman et al., 2015). Variations in di-
electric properties were also reported in colorectal cancer tissues at
different tumor stages across a frequency range of 50–500MHz (Li
et al., 2017).

In addition to frequency specific dielectric properties, temperature
dependence associated with thermal properties, metabolic heat gen-
eration, and perfusion should also be considered while determining
temperature distribution and thermal dose. Most previous studies did
not consider variations in properties for simulations of mild and abla-
tive hyperthermia-temperature ranges (Kok et al., 2017, 2014; Oh et al.,
2014; Zastrow et al., 2010; Zorbas and Samaras, 2014). A previous
study showed that optimal dielectric and thermal-property values can
partially neglect the effect of perfusion in hyperthermia-treatment
planning (Ahmed et al., 2008). Other studies on temperature depen-
dence in biological tissues showed that thermal properties are depen-
dent on temperature (Bhattacharya and Mahajan, 2003; Choi et al.,
2013). Additionally, consideration of variations in metabolic heat
generation and blood perfusion is a better predictor of accurate heat
transfer in tissues than using normothermic values associated with
these properties (Rai and Rai, 1999). Therefore, accurate calculation of
the thermal dose for numerical simulations requires determination of
the effects of thermal properties, perfusion, and metabolic heat gen-
eration. Few hyperthermia studies with tissue mimicking phantoms
showed good temperature mapping in experiments and simulations
using measured dielectric properties of normal and tumor phantoms
(Kim and Lee, 2015; Oh et al., 2014).

Previously, we reported temperature measurements using a
phantom model and patient-specific simulations in real human-
anatomy models to demonstrate selective heating characteristics and
electrode optimization of treatment planning (Hossain et al., 2016;
Prasad et al., 2016). In the present study, the effect of tumor properties
on calculating energy absorbance and thermal dose was determined
based on dielectric property measurement and temperature-dependent
thermal properties, perfusion, and metabolic heat generation.

2. Materials and methods

2.1. Measurement of dielectric properties

The dielectric property measurement involves the measurement of
complex permittivity, which consists of relative permittivity and ima-
ginary permittivity and can be defined as follows:= ′ − ″ε ω ε ω jε ω* ( ) ( ) ( ) (1)

where ε ω* ( ) is the complex permittivity, ω is the angular frequency,′ε ω( ) is the relative permittivity or dielectric constant, ″ε ω( ) is the

imaginary permittivity or dielectric loss factor. Imaginary permittivity
can be converted into effective conductivity as follows:= ″σ ωε ε0 (2)

where σ is the conductivity, and ε0 is the permittivity of free space.
According to a previously reported procedure (Raoof et al., 2013),

fresh tumor samples (2 cm) excised sharply from mice were used for the
measurements, which were performed using an Agilent 85070E high-
temperature coaxial dielectric probe connected to an Agilent E4991A
impedance analyzer, with a manufacturer uncertainty of 5% (Agilent
Technologies, Santa Clara, CA, USA) (Raoof et al., 2013) across the
frequency range 10–1000MHz. Repeated measurements were per-
formed for accuracy, and theoretical fitting of the measurement was
accomplished using the dielectric dispersive-fitting tool available in
Sim4Life software (https://www.zurichmedtech.com/sim4life/), with
an accurate fitting achieved using a multi-pole Lorentz model (Banks
et al., 2008; Stoykov et al., 2003; Sullivan, 1992).
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where ε∞ is the infinity permittivity, Δε is the difference between static
and infinity permittivity, ωp is the angular frequency of pole, ap is the
amplitude of pole, δp is the damping frequency of pole and, σ is the
electric conductivity.

2.2. In vivo mouse experiments

Experiments were performed on a human tumor xenograft model.
The local ethical committee for animal experiments approved the ex-
perimental protocol used in this study (17–0110-S1A1). Cancer cells
(squamous cell carcinoma of the lung) were injected into the femoral
region and allowed to grow until reaching 200mm3. A radiofrequency
(RF) capacitive-heating device (LAB EHY 100; Oncotherm, Budapest,
Hungary) with an operating frequency of 13.56MHz was used for the
experiments (Kim et al., 2018). Fiber optic temperature sensors were
inserted into the tumor and surrounding tissues to estimate temperature
increases and output power during RF heating. The experimental
scheme involving the RF generator, electrode, data-acquisition tem-
perature measurement, and sedating system is shown in Fig. 1(a). In-
itially, the mouse was kept in a chamber with circulating isoflurane gas
for sedation, followed by transfer to a position above the heating
system. To keep the mouse sedated throughout the experiment, iso-
flurane gas mixed with oxygen was administered through an inhaler.
Four fiber optic sensors were placed 1) inside the tumor (5mm from the
electrode), 2) in nearby tissue (2mm from the tumor), 3) in the rectum,
and 4) toward the middle of the mouse at the interface between mouse
and bed [Fig. 1(b)]. The positions of the sensors were chosen at the
center region of the tumor to ensure heat transfers through the tumor,
at the closest possible surrounding tissue to attain the temperature of
tissue near the tumor, in the rectum to obtain variations in core body
temperature, and at the interface between bed and skin to maintain
body heat during experiment. Measurements were recorded using a
data-acquisition system connected to a computer. The response time of
the sensors was 9 s for sensor 1, 20 s for sensor 2, 67 s for sensor 3, and
81 s for sensor 4. Electrodes used for RF heating were placed on the
tumor region and subjected to water cooling [Fig. 1(c)]. A total of four
tumor-induced mice were used for the experiments, with each mouse
treated four times over a 2-week period. The tumor was heated to 42 °C
and maintained at that temperature for 30min to establish a heating
protocol.

2.3. Numerical simulation

Numerical simulations comprised a combination of electromagnetic
and thermal simulations. All simulations were performed using the
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multiphysics simulation software Sim4Life (Kok et al., 2017; Prasad
et al., 2016; Tomura et al., 2017). The quasi-static approximation in
Maxwell's equation was used to calculate the potential distributions and
energy distributions (Kok et al., 2017; Kok and Crezee, 2017; Tsuda
et al., 1996) for capacitive RF heating. The governing equations are
given as follows:∇ − ∇ = = −∇ε φ E φ( ) 0, (4)

=SAR σ
ρ

E
2

2
(5)

= =Q ρSAR σ E
2r 2

(6)

where ∇φ is the electric potential, E is the electric field strength, SAR is
the specific absorption rate, ρ is the mass density, and Qr is the heat
source.

The RF energy absorbed from electromagnetic simulation was pro-
vided as a user-defined heat source to the Pennes bioheat-transfer
model to determine the thermal distribution (Pennes, 1948):∂∂ = ∇⋅ ∇ − − + +ρc T

t
k T ρ c ω T T Q Q( ) ( )b b b b r m (7)

For temperature dependence, bioheat-transfer model was modified
as follows:
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where c is the specific heat, T is the temperature, t is the time, k is the
thermal conductivity, Qm is the metabolic heat-generation rate, ωb is the
perfusion rate, and ρb, cb, and Tb correspond to the density, specific
heat, and temperature of blood, respectively. ca, ka, ωb,a, Qm,a, cref, kref,
ωb,ref, and Qm,ref are the temperature-dependent coefficients and nor-
mothermic values associated with specific heat, thermal conductivity,
perfusion and metabolic heat generation.

The amount of heat absorbed by tissues during thermal treatment
can be quantified as the thermal dose, which is represented as

cumulative equivalent minutes (CEM; at 43 °C) (Sapareto and Dewey,
1984). This provides the time–temperature relationship in equivalent
minutes and can be expressed as follows:∫= −CEM R dt

t

t T t43 43 ( )final

0 (9)

where R is the temperature dependence of the rate of cell death, with R
=0.5 for T > 43 °C, R =0.25 for 39 °C ≤ T≤ 43 °C, and R =0.00 for
T < 39 °C. Additionally, dt is the time interval, T is the average tem-
perature during time interval dt, and to and tfinal are the initial and final
heating periods, respectively.

Fig. 1(d) shows the three-dimensional (3D) computational domain
using a mouse model and RF-electrode heating system. The mouse
model was reconstructed from computed tomography images of mice
used for experiments. An output power ranging from 1.5W to 2.5W
was provided by the electrode, and an operating frequency of
13.56MHz was used. A convective boundary with an ambient tem-
perature of 25 °C and a surface heat-transfer coefficient of 5W/m2 K
were used as boundary conditions. An initial temperature of 25 °C was
used for the water bolus, and 27.7 °C was used for all body sites con-
sidered, with a simulation time of 45min. Dielectric and thermal
properties used in the simulation are listed in Table 1. All properties
other than those of the tumors were obtained from the Sim4Life data-
base (IT’IS Foundation, Zurich, Switzerland) (Hasgall et al., 2015).
Measured dielectric properties were used for the tumor, and other
properties were taken from the literature (Kok et al., 2014; Raoof et al.,
2013). Cubic voxels with 1.98M cells were used for the computation,
with a time-step factor of 1. Grid-independent studies were conducted
from coarser to finer meshes for accuracy.

3. Results and discussion

Dielectric property measurement trends across the frequency ranges
correlated with previously reported measurements (Hasgall et al., 2015;
Raoof et al., 2013; Rogers et al., 1983; Yoo, 2004). Fig. 2(a,b) shows the
relative permittivity and calculated conductivity from imaginary per-
mittivity across the frequency range 10–1000MHz. The values of tumor
properties were higher as compared with those of the surrounding
tissue (Raoof et al., 2013) across the entire frequency range, mainly due

Fig. 1. (a) Experimental scheme for in vivo mouse experiments. (b) Sensor and electrode positions in tumor and nearby tissues. (c) Computational 3D mouse model
used for simulations.
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to the dipolar reorientation of protein dipoles and charging of cell
membranes (Foster and Schepps, 1981). The measured properties of
muscular tumors at 13.56MHz (Table 1) were used for the simulation.
To ensure measurement accuracy, the permittivity and conductivity
values were fitted with a three-pole Lorentz model, with the measure-
ments fitting well with the theoretical model [Fig. 2(a,b)].

To standardize a heating protocol for our studies, multiple in vivo
temperature measurements were performed on mice. Fig. 3 shows the
power and temperature measurements taken during RF exposure and
the calculated energy estimation. As shown in Fig. 3(a,b), within a short
period of time and in a power range of 1.5–2.5W, tumor temperature
could be raised to 42 °C and maintained at that temperature for 30min.
We observed that the temperature of the surrounding normal tissues
was much lower than that of the tumor tissues. When the final tem-
perature in the tumor reached 42.2 °C, the nearby tissue, body, and bed
temperatures were 35.03 °C, 30.98 °C, and 28.88 °C, respectively, re-
vealing selective heating characteristics. Fig. 3(c, d) shows the energy,
temperature, and time relationships for selective tumor heating based
on the experimental measurements. Using an electrical energy of
~1500 J, the tumor could be selectively heated up to 42 °C, and at
~3500 J, the temperature in the tumor could be maintained at 42 °C for
30min [Fig. 3(c)]. To interpret the relationship between energy, tem-
perature, and time, correlations were predicted to determine the energy
required to reach and maintain 42 °C with respect to time [Fig. 3(d)].

Simulations were performed to determine the energy absorption
and temperature distribution inside the mouse anatomy. The absorbed
energy and distributed temperature in the mouse-tumor volume are
shown in Fig. 4(a,b). Fig. 4(a) shows the SAR distribution along the
cross-section of the tumor and surrounding regions in the XY and YZ
planes. A high degree of energy was absorbed in the tumor because of
its high electrical conductivity and permittivity relative to the normal
tissue. Additionally, we observed deposition of a mass-averaged SAR of
120.2W/kg in the tumor region, followed by 7.18W/kg toward the
skin and further lower levels in other regions of the body. These results
indicated an apparent difference in energy deposition during RF-in-
duced heating between the tumor and surrounding normal tissue. As

shown in cross-sectional planes XY and YZ [Fig. 4(b)], due to the high
energy absorption, high temperature increases were observed in the
tumor region, whereas the temperatures in surrounding normal tissues
were much lower, thereby suggesting selective tumor heating
[Fig. 4(c)].

Temperature measurements were mapped along with those of the
simulations, revealing agreement between the results [Fig. 5(a)]. A
comparison made by mapping the temperature increase in the mouse
tumor with measured dielectric properties and property values from a
previous study (Raoof et al., 2013) (Table 1) revealed notable differ-
ences in the measured temperatures. The temperature increase esti-
mated with the dielectric property taken from the previous study was
lower than that obtained from the measured property. Table 2 shows
the calculated energy absorbance associated with the measured di-
electric properties and those taken from the previous study. Our results
showed that the tumor in our mouse model absorbed relatively high
levels of energy (120.2W/kg) using the measured dielectric property as
compared with the energy absorbance attained using the dielectric
property taken from the previous study (115.9W/kg). Fig. 5(a,b) shows
that the temperature increase in the tumor based on the calculated
absorbed energy from the measured dielectric property was ~42.2 °C,
whereas the temperature increase was up to 41 °C using the dielectric
property taken from the previous study. In surrounding tissues, only a
slight variation was observed in energy absorption and temperature
distribution using the measured and dielectric properties from the
previous study [Table 2 and Fig. 5(a, b)], indicating that variations in
the dielectric property might not greatly affect the energy and tem-
perature distribution. This represents an important factor in the selec-
tive heating of tumors in hyperthermia-treatment planning.

The major focus of this study was to show the effect of tumor
properties on hyperthermia-treatment planning. Previous studies re-
ported that tumors exhibit relatively high dielectric properties as
compared with the normal tissues; however, some tumors show low
values, which are mainly due to their high fat content (Peyman et al.,
2015; Yoo, 2004). Pathological changes and different tumor stage in the
same cancer subtype can result in variable dielectric properties (Li

Table 1
Dielectric (13.56MHz) and thermal properties of materials used in simulations.

Material Relative
permittivity

Electric conductivity
(S/m)

Density (kg/
m3)

Specific heat (J/
kg·K)

Thermal conductivity
(W/m·K)

Heat generation
(W/kg)

Perfusion (mL/
min/kg)

Skin 285.24 0.238 1109 3390.5 0.3721 1.64 106.38
Bone 30.57 0.045 1908 1312.8 0.32 0.15 10
Rectum 217.11 0.512 1088 3657.5 0.542 11.85 786.23
Mouse tumor 278.85a 0.7847a 1070 3421.2 0.4949 0.9 18.36
Mouse tumor (previous

study)
266.99 0.683 1070 3421.2 0.4949 0.9 18.36

Distilled water 76.7 0.00005 1000 4181.3 0.563 – –

a measured dielectric properties.

Fig. 2. (a, b) Measured and Lorentz-fitted electrical conductivity and relative permittivity of tumor tissue.
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et al., 2017; Peyman et al., 2015), and these changes need to be con-
sidered during treatment planning. Because RF hyperthermia is based
on tissue-specific dielectric properties, variations in these properties
affect temperature estimation and thermal-dose calculations. Tem-
perature mapping, an effective technique that takes these effects into
consideration (Kim et al., 2017), was used in experiments and simula-
tions in our study. Since, in previous studies, dielectric properties of
tumor at 13.56MHz were reported relatively less than other fre-
quencies and based on the difficulties in considering pathological
changes and tumor stage, we used mouse-tumor properties available at
13.56MHz from a previous study (Raoof et al., 2013) for comparative
purposes. Sensitivity analysis of the effect of conductivity and permit-
tivity is described in Supplementary Appendix 1, with the results in-
dicating that conductivity was the dominant property associated with
high energy absorption. To determine the effect of thermal properties,
metabolic heat generation and perfusion analysis were performed using
a modified bioheat-transfer model based on a linear temperature-de-
pendent approximation. To determine this effect, dielectric properties
were kept constant and considered the same as those of the measured
properties. The coefficient of temperature-dependent enhancement of
the thermal properties was considered based on the variations reported
previously (Bhattacharya and Mahajan, 2003; Choi et al., 2013; Guntur
et al., 2013) and with the details of the coefficients considered outlined
in Supplementary Appendix 2. Variations in perfusion and metabolic
heat generation were assumed to be proportional according to con-
ventions suggested previously (Bernardi et al., 2003; Burfeindt et al.,
2011; Gordon et al., 1976). However, few studies have addressed these
effects on calculating thermal dose, variations of which can be much
higher relative to the temperature change. Fig. 6(a,b) shows the effect
of normothermal thermal properties, heat generation, and perfusion on
tumor temperature (42.2 °C) as compared with temperature-dependent
thermal properties, heat generation, and perfusion. The results showed
that temperature variation occurred within a narrow range with an
average temperature difference of 0.2 °C with normothermic property
and 0.06 °C with temperature dependent properties in the mild hy-
perthermia-temperature range, which agreed with previous results
(Guntur and Choi, 2015; Pirtini Çetingül and Herman, 2010); however,
thermal-dose calculations showed significant variation. The local

thermal dose calculated from normothermal properties was 233.9min,
whereas that from temperature-dependent properties was 192.3min.
The difference can be explained by the transition temperature of 43 °C
used in the thermal-dose model, given that the R value will be high for
temperature distributions> 43 °C (Sapareto and Dewey, 1984; van
Rhoon et al., 2013). Therefore, for accurate thermal-dose calculation in
treatment planning, consideration of temperature-dependent thermal
properties can provide much more realistic values. Moreover, mapping
of temperature distribution was also slightly improved in tumors when
temperature dependence on all parameters was considered [Fig. 6(b)].
A detailed sensitivity analysis of the dependencies of individual and
combined parameters is provided in Supplementary Appendix 2. The
variation ranges associated with perfusion and metabolic heat genera-
tion were considered based on assumptions from previous mouse stu-
dies that perfusion will not greatly increase after reaching 41 °C due to
degradation (Corr et al., 2015) and the collapse of blood vessels
(Rossmann and Haemmerich, 2014). In the case of humans, increments
in perfusion are reportedly higher (Waterman et al., 1991, 1987), and
heat generation might also vary greatly; therefore, a coefficient based
on measurements would be more realistic. Additionally, for hy-
perthermia therapy in the ablative temperature range, temperature
dependence will be much stronger; therefore, the proposed bioheat-
transfer model might not be optimal, and a more realistic model might
be needed for such applications. A previous study of high-intensity fo-
cused-ultrasound ablation showed that thermal properties strongly in-
fluence the temperature distribution (Guntur et al., 2013).

Based on these approximations, an accurate thermal-dose distribu-
tion was predicted, and a comparison was made between energy ab-
sorbed from dielectric properties of tumors measured and taken from a
previous study. Fig. 7(a) shows the distribution of thermal doses in
mouse tumors on the XY and YZ planes. A quantitative estimation of the
maximum local thermal dose is provided in Fig. 7(b). Compared with
80.14min using the temperature obtained from the dielectric property
taken from the previous study, this result showed a CEM of 192.3 min
using the temperature obtained from the measured dielectric property.
The thermal dose obtained from the dielectric property measured here
was within a range reported in a mouse study on mammary mouse
tumors in the flank and fibrosarcoma (Field and Morris, 1983; Perez

Fig. 3. (a) Output power required to reach 42 °C. (b) Temperature increase in tumor and surrounding tissues. (c) Energy estimation to achieve a temperature of 42 °C.
(d) Energy/Time/Temperature relationship necessary to achieve a temperature of 42 °C.
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Fig. 4. (a) SAR distribution. (b) Temperature distribution along the cross-section of the mouse model. (c) Temperature distribution at different cross-sections.
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et al., 1984), indicating that the thermal dose obtained from the mea-
sured dielectric property might be more optimal than that approxi-
mated based on the dielectric property taken from the previous study.
Variations in the thermal dose based on different combinations of di-
electric properties are discussed in Supplementary Appendix 1.

Temperature optimization is also very important in combined ra-
diation and hyperthermia therapy (Kok et al., 2014; van Leeuwen et al.,
2017). A previous study showed that hyperthermia is a potent radio-
sensitizer capable of changing the radiosensitivity parameters of cancer
cell lines (Franken et al., 2013). Escalations in radiation dose are based
on the targeted temperature achieved in the tumor, with

underestimation or overestimation of the temperature potentially
leading to inaccurate equivalent radiation-dose calculations. For ex-
ample, biological modeling of thermoradiotherapy for cervical cancer
in three patients using radiation doses of 45.2 Gy, 45.5 Gy, and 45.0 Gy
with corresponding hyperthermia temperatures of 39.2 °C, 39.7 °C, and
40.4 °C resulted in radiation-dose escalations to 52.5 Gy, 55.5 Gy, and
56.9 Gy, respectively (Crezee et al., 2016). This result showed that
temperature plays major role in equivalent radiation-dose calculations,
and that it requires precise optimization for thermoradiotherapy
treatment planning using accurate dielectric properties.

Obtaining patient-specific properties in clinics remains a major issue
in hyperthermia-treatment planning; therefore, additional studies are
needed to address this. Possible approaches include the development of
an inverse method for temperature optimization based on surface-
temperature measurement, optimization of tumor-tissue temperature
from surrounding tissue temperature distributions, and creation of a
noninvasive property measurement technique or establishment of a
database of frequency specific and temperature-dependent properties
associated with different tumor types and stages.

This study did not focus on therapeutic outcomes associated with
hyperthermia treatment, but rather on temperature measurement and
enhancing simulations based on tumor-property values. Studies on the

Fig. 5. Temperature mapping for the experiment and simulation. (a) Mapping using measured dielectric properties. (b) Mapping using dielectric properties taken
from previous study.

Table 2
Comparison of absorbed energy with dielectric property measured and taken
from previous study.

Body site Mass-averaged SAR (W/kg)

Measured property Property from previous study

Skin 7.18 6.56
Bone 0.003 0.002
Rectum 3.06 2.77
Tumor 120.27 115.91

Fig. 6. (a) Comparison of temperature increases using experimental data, normothermic and temperature-dependent thermal properties, perfusion, and heat gen-
eration. (b) Comparison of thermal-dose calculations using normothermic and temperature-dependent thermal properties, perfusion, and heat generation.
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therapeutic outcomes associated with hyperthermia treatment and also
outcomes combined with radiation therapy are currently underway in
our laboratory.

4. Conclusion

The effect of tumor properties related to energy absorption, tem-
perature mapping, and thermal dose was demonstrated numerically
using a mouse xenograft model. In vivo experiments established a
heating protocol allowing direct comparison with simulations, with
dielectric properties measured and fitted using the Lorentz model to
obtain accurate property values for simulations. We observed minimal
differences in the temperature dependence of thermal properties, per-
fusion, and metabolic heat generation related to the modified bioheat-
transfer model according to temperature distribution, although slight
improvements in temperature mapping resulted in a much more precise
calculation of thermal dose. Comparisons made between dielectric
properties measured and those taken from previous studies showed that
dielectric property variation can either underestimate or overestimate
energy absorption, temperature distribution, and thermal-dose calcu-
lations; therefore, variations in dielectric property values should be
considered a high priority in hyperthermia-treatment planning. These
findings contribute to the development of effective thermoradiotherapy
treatment-planning strategies in clinical settings.
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