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PAPER
High-Precision Temperature Analysis Considering
Temperature-Dependent Tissue Properties in Renal Denervation

Tohgo HOSODA†, Student Member and Kazuyuki SAITO††, Member

SUMMARY Transcatheter renal denervation (RDN) is a treatment for
resistant hypertension, which is performed by ablating the renal nerves lo-
cated outside the artery using a catheter from inside the artery. Our previous
studies simulated the temperature during RDN by using constant physical
properties of biological tissue to validate the various catheter RDN devices.
Some other studies report temperature dependence of physical properties
of biological tissues. However, there are no studies that have measured the
electrical properties of low water content tissues. Adipose tissue, a type
of low water content tissue, is related to RDN closely. Therefore, it is
important to know the temperature dependence of the electrical constants
of adipose tissue. In this study, we measured the relationship between the
electrical constants and the temperature of bovine adipose tissue. Next,
the obtained equation of the relationship between relative permittivity of
adipose tissue and temperature was introduced. In addition, the temperature
dependence of the electrical constants of high water content tissues and the
temperature dependence of the thermal constants of biological tissues were
also introduced into the temperature analysis. After 180 seconds of heating,
the temperature of the model with the temperature dependence of the phys-
ical properties was 7.25 °C lower than the model without the temperature
dependence of the physical properties at a certain position. From the results,
it can be said that the temperature dependence of physical properties will
be significant when an accurate temperature analysis is required.
key words: Renal denervation, temperature-dependent tissue properties,
human body model, biological tissue, finite-difference time-domain (FDTD)
method, temperature analysis

1. Introduction

In recent years, hypertension has become a common disease
worldwide. It is estimated that approximately 31.1% of the
adult population is currently affected [1] and the number of
patients is still increasing [2]. One type of hypertension is
resistant hypertension, a disease in which hypertension does
not decrease to the target hypertension level even with the
use of three or more anti-hypertensive drugs. It is estimated
that approximately 10.1% of patients treated for hypertension
have resistant hypertension [1].

Transcatheter Renal Denervation (RDN) is being inves-
tigated as a new treatment method for resistant hypertension
[3]. Figure 1 shows an overview of the RDN treatment.
The RDN is conducted by inserting a catheter into the renal
artery and ablating the nerve outside the artery by heating
it to over 60 °C, thereby producing anti-hypotensive effects.
Although RDN is promising as a powerful and minimally
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Fig. 1 Overview of catheter RDN system.

invasive treatment method, temperature monitoring of the
heated area is difficult. Because the operation is usually
performed blindly, and it cannot be confirmed whether the
nerves have. Thus, some reports show no significant effect on
blood pressure reduction at 6 months postoperatively [4]–[6].
Another factor that contributes to the lack of antihypertensive
effect is the use of previously designed, RF-based devices
for heating. Rakhmadi et al. found that microwave-based
devices were able to ablate regions further away from the
renal artery than RF-based devices [7]. Microwave catheter
RDNs seem to be more effective, therefore we need to know
more about treatment in microwave catheter-based devices.
Hence, we propose the high-precision temperature analysis
using microwave RDN device.

The area around blood vessels, where the treatment site
for RDN, is surrounded by adipose tissue. According to
[8] and [9], there are reports of temperature dependence of
electrical and thermal constants and blood flow rate in bi-
ological tissues. In particular, many papers have reported
on easily accessible tissues such as porcine liver [10]–[15].
However, in the authors’ investigation, the temperature de-
pendence of electrical constants of low water content tissues
such as adipose tissue has not been investigated. This paper
aims to clarify the high-precision temperature distributions
during the RDN treatment considering the temperature de-
pendence physical properties of biological tissue and blood
flow rate for every tissue close to the renal artery. For this pur-
pose, we first measured and clarified the temperature depen-
dence of the electrical constants of low water content tissues,
which had not been clarified. Then, based on several stud-
ies [10]–[13], [16]–[24], we formulated our own relationship
between electrical and thermal constants of physical prop-
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erties and temperature and blood flow rate. Furthermore,
numerical analyses were performed using temperature de-
pendence physical properties formulated to the human body
model TARO [25].

2. Preparation for temperature calculations

2.1 Analytical procedure

Figure 2 shows the flowchart for electromagnetic and temper-
ature analysis. First, electromagnetic field analysis is carried
out using the finite-difference time-domain (FDTD) method
[26] to calculate the electromagnetic field distribution in the
analytical model. Then, the Specific Absorption Rate (SAR)
[28] is calculated from the electromagnetic field distribution
using the following equation:

SAR =
𝜎

𝜌
𝐸2 [W/kg] (1)

where 𝜎 is the electrical conductivity of the biological tissue
[S/m], 𝜌 is the density of the tissue [kg/m3], and E is the root-
mean-square electrical field [V/m].

Following the calculation of SAR, the temperature dis-
tribution is calculated by solving the bioheat transfer equa-
tion [27]:

𝜌𝑐
𝜕𝑇

𝜕𝑡
= 𝜅∇2𝑇 − 𝑐𝑏𝑊𝑏 (𝑇 − 𝑇𝑏) + 𝜌 · SAR (2)

where 𝜌 is the density [kg/m3], c is the specific heat capacity
at constant pressure [J/kg ·K], T is temperature [K], t is time
[s], k is thermal conductivity [W/m · K], 𝑐𝑏 is the specific
heat of blood [J/kg · K], 𝑊𝑏 is blood flow rate [kg/m3 · s],
𝑇𝑏 is the temperature of blood circulating in tissue [K].

The first and second terms on the right-hand side of Eq.
(2) describe the heat transport in each tissue and between
tissue and blood, respectively. The tissue heating due to the
absorption of an electric field is shown in the third term of
Eq. (2). The temperature distribution is then calculated by
solving Eq. (2) by FDTD according to [28]. In this study,
the physical properties of the tissue were updated every 1.0
s. Because of the significant change in blood flow rate up to
50 °C, the physical properties of tissue were updated every
1 °C from 37 °C to 50 °C and every 5 °C from 50 °C to
100 °C. These numerical calculations were performed by
self-written codes.

2.2 Measurement of electrical properties for low water con-
tent tissues

In the RDN treatment, the renal artery into which the catheter
is inserted is surrounded by adipose tissue, one of the low
water content tissues. The previous study clarified the tem-
perature dependence of adipose tissue in the MHz band [29].
However, the temperature dependence of the electrical con-
stants of adipose tissue at 2.45 GHz was not yet clarified.

Fig. 2 Calculation procedure.

By the way, in the field of biological electromagnetic com-
patibility, adipose tissue is conventionally analyzed without
classification of brown and white adipose tissue [31]. The
“Database of Tissue Dielectric Properties for Electromag-
netic Modeling of Human Body” provided by the National
Institute of Information and Communications Technology
(NICT) is not classified as well. Therefore, the temperature
dependence of the electrical constants at 2.45 GHz was clar-
ified by measuring the electrical constants of 22 available
bovine adipose samples without the classification.

A slim form probe of a Keysight 85070E Dielectric
Probe Kit (Keysight Technologies, Santa Rosa, CA, USA)
was employed for this purpose. In this measurement, the
tissue was heated in a water bath for 10 minutes, and the
tissue surface was quickly measured after removal from the
water bath in order to confirm the temperature dependence
of electrical constants. The temperature in the hot water bath
was then changed and the tissue was reheated after the water
temperature was updated. The temperature in the water bath
was changed to 40, 60, 80 and 100 °C. Each adipose tissue
sample was kept in a separate zip sealed bag to prevent tissue
hydration, and the measurement section of tissue was lightly
wiped before measurement. In order to reduce measurement
error due to the measurement section, measurements were
conducted in the same position by marking the tissue surface.

Figure 3 shows the relationship between the relative
permittivity and electrical conductivity of bovine adipose
tissue and the surface temperature of tissues, obtained by
excluding more than three times the standard deviation from
the mean of the measurement results. Both the relative
permittivity and electrical conductivity show a large spread.
In order to characterise various low water content tissues,
the approximate curves of relative permittivity is obtained
from Fig. 3. The function based on the approximate curves
obtained are shown as follows:

𝜀𝑟 adipose (𝑇) = −0.0003𝑇2+0.0207𝑇 +4.6367+𝐶𝜀𝑟 (3)
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Fig. 3 Temperature dependence of relative permittivity and electrical
conductivity of bovine adipose tissue.

On the other hand, the electrical conductivity showed a larger
coefficient of variation. In particular, a comparison of the
dispersion coefficients of relative permittivity and electrical
conductivity per heating temperature showed that the disper-
sion coefficient of electrical conductivity was twice as large
as that of relative permittivity. Therefore, the temperature
dependence of electrical conductivity could not be deter-
mined. Consequently, the electrical conductivity of adipose
tissue was assumed to be independent of temperature. We
assumed that low water content tissue would have a similar
changing rate to adipose tissue in the temperature depen-
dence of the electrical constants. Therefore, 𝐶𝜀𝑟 of Eq. (3)
was set in order to make Eq. (3) at T = 37 °C the same as the
relative permittivity of organs and tissues at 2.45 GHz [31].
For example, the relative permittivity of human adipose tis-
sue at 2.45 GHz is 10.8 [31], so 𝐶𝜀𝑟 of Eq. (3) was set to
5.81.

2.3 Temperature dependence of the electrical properties of
high water content tissues

In [8], [10], the temperature dependence of relative permit-
tivity and electrical conductivity were measured in various
high water content tissues. We characterised the temperature
dependence of the electrical constants of high water content
tissues by the method of Endo et al. [10]. Figure 4 shows the
relationship between electrical constants and temperature in
porcine liver [10] and muscle which is measured using the
same method as Endo et al [10] .

Even in high water content tissues, different types of
tissue have different changing rate in the temperature de-
pendence of the electrical constants. Consequently, we have
classified high water content tissues into two types: ⟨ Liver

Fig. 4 Temperature dependence of the relative permittivity and electrical
conductivity of high water content tissues.

type ⟩ based on the liver: 𝜀𝑟 (𝑇 = 37) ≤ 45, and ⟨ Mus-
cle type ⟩ based on the muscle: 45 < 𝜀𝑟 (𝑇 = 37), and
formulated by classification as below:

𝜀𝑟 liver (𝑇) = 69.58 × 0.0006exp (−0.0379×(−0.298𝑇+86.0) )

+ 1.42 + 𝐶𝜀𝑟 (4)

𝜎liver (𝑇) = 2.8 × 0.0044exp(−0.0344×(−0.298𝑇+86.0) )

+ 𝐶𝜎 (5)

𝜀𝑟muscle (𝑇) = 53 × 10−31×exp (−0.09×(−0.367𝑇+90.399) )

+ 1.83 + 𝐶𝜀𝑟 (6)

𝜎muscle (𝑇) = 2.8 × 10−31×exp(−0.09×(−0.367𝑇+90.399) ) + 𝐶𝜎

(7)

Equations (4) and (5) are the functions of liver type, and
Eqs. (6) and (7) are the functions of muscle type. We deter-
mined 𝐶𝜀𝑟 and 𝐶𝜎 in the same way as the low water content
tissues, respectively. For example, the relative permittivity
and electrical conductivity of the blood vessel wall at 2.45
GHz are 42.5 and 1.44 [31], respectively, so 𝐶𝜀𝑟 and 𝐶𝜎 of
Eqs. (4) and (5) were set to -2.62 and -0.36, respectively.
Furthermore, the relative permittivity and electrical conduc-
tivity of the stomach at 2.45 GHz are 62.2 and 2.11 [31],
respectively, so 𝐶𝜀𝑟 and 𝐶𝜎 of Eqs. (6) and (7) were set to
12.07 and -0.21, respectively. Figure 5 shows the temper-
ature dependence of the relative permittivity and electrical
conductivity of biological tissues used in this study. These
figures are plotted according to Eqs. (3) to (7). The positions
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Fig. 5 Temperature dependence of relative permittivity and electrical
conductivity of biological tissues in the analytical model.

of the dots are the values actually used in the update of the
electrical constants of biological tissues.

2.4 Temperature dependence of the thermal properties of
biological tissues

According to [13], the physical properties of biological tis-
sues (𝜀𝑟 , 𝜎, 𝑘, 𝑐) are highly dependent on water content.
Therefore, for convenience, specific heat and thermal con-
ductivity were also classified by the 𝜀𝑟 of each biological
tissue. The specific heat was classified into three types and
the thermal conductivity into four types.

The temperature dependence of specific heat and ther-
mal conductivity has already been shown by some studies
[11]–[13], [16]–[20], [23], [24]. Figure 6 shows typical mea-
sured results of the temperature dependence of specific heat
and an approximate curve obtained from the measured results
[11], [13], [20], [23]. All measurements were performed us-
ing the Differential Scanning Calorimetry (DSC) method.

As shown below, in specific heat, we have classified bio-
logical tissues into three types: ⟨ Gray matter type ⟩ based
on gray matter: 45 < 𝜀𝑟 (𝑇 = 37), ⟨ Liver type ⟩ based on
liver: 20 < 𝜀𝑟 (𝑇 = 37) ≤ 45, and ⟨ Adipose tissue type ⟩
based on adipose tissue: 𝜀𝑟 (𝑇 = 37) ≤ 20, and formulated
by classification as below:

𝑐gray matter (𝑇) = 3449.4 · exp (0.00012𝑇) + 𝐶𝑐 (8)
𝑐liver (𝑇) = 3279 · exp (0.0014𝑇) + 𝐶𝑐 (9)

𝑐adipose (𝑇) = 2118.3 · exp (0.0022𝑇) + 𝐶𝑐 (10)

Equations (8), (9) and (10) are an exponential approx-
imation for gray matter type derived from [23], liver type
derived from [11], [13] and adipose tissue type derived from
[20], respectively. We determined 𝐶𝑐 in the same way as
the electrical constants of biological tissues. For example,
specific heat of stomach, blood vessel wall, and cortial bone
at 2.45 GHz are 3690, 3306, and 1313, respectively [31], so
𝐶𝑐 of Eqs. (8), (9) and (10) were set to 84, -147 and -984,
respectively.

Fig. 6 Temperature dependence of specific heat.

Fig. 7 Temperature dependence of thermal conductivity.

Figure 7 shows typical measurements of thermal con-
ductivity and temperature dependence, the approximate
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curves obtained from the reference to the measurements,
and their functions [11]–[13], [16]–[19], [24].

As shown below, in thermal conductivity, we have clas-
sified biological tissues into four types: ⟨ Kidney type ⟩
based on kidney: 50 < 𝜀𝑟 (𝑇 = 37), ⟨ Liver type ⟩ based
on liver: 20 < 𝜀𝑟 (𝑇 = 37) ≤ 50, ⟨ Bone type ⟩ based on
bone: 𝜀𝑟 (𝑇 = 37) ≤ 20, and ⟨ Adipose tissue type ⟩ based
on adipose tissue: 𝜀𝑟 (𝑇 = 37) = 10.8 [31] and formulated
by classification as below:

𝑘kidney (𝑇) = 0.46 · exp (0.003𝑇) + 𝐶𝑘 (11)
𝑘 liver (𝑇) = 0.3402 · exp (0.011𝑇) + 𝐶𝑘 (12)
𝑘bone (𝑇) = 0.3526 · exp (0.0025𝑇) + 𝐶𝑘 (13)

𝑘adipose (𝑇) = 0.1822 − 2.0565 × 10−4𝑇

− 7.3267 × 10−7𝑇2 + 0.004 (14)

Equations (11), (12), (13), and (14) are functions for
Kidney type, based on [19], liver type based on [11]–[13],
bone type based on [16] and Adipose tissue type from [24],
respectively. We determined 𝐶𝑘 in the same way as the
electrical constants. For example, thermal conductivity of
stomach, blood vessel wall, and cortial bone at 2.45 GHz are
0.53, 0.46, and 0.32, respectively [31], so 𝐶𝑘 of Eqs. (11),
(12) and (13) were set to 0.02, 0.01 and -0.06, respectively.

Figure 8 shows the temperature dependence on the spe-
cific heats and thermal conductivities of biological tissues
used in our study. These figures are plotted according to
Eqs. (8) to (14). As in Fig. 5, the positions of the dots
are the values actually used in the updating of the thermal
constants of biological tissues.

2.5 Temperature dependence of blood flow rate

Blood perfusion has an impact on heat diffusion and tem-
perature distribution inside biological tissues. Hence, their
possible variation as a function of temperature could in turn
influence the final therapeutic outcome of thermal treatments
[30]. For high-precision temperature analysis, the tempera-
ture dependence of the blood flow rate must be considered.
In this study, the blood flow rates shown below were followed
[21].

𝑊𝑏 (𝑇) = 𝑊𝑏 (𝑇=37) ·
(
1 + 7 exp

(
−(𝑇 − 45)2

12

))
(15)

𝑊𝑏 (𝑇) = 𝑊𝑏 (𝑇=37) ·
(
1 + exp

(
−(𝑇 − 45)2

12

))
(16)

Equations (15) and (16) indicate the temperature depen-
dence of blood flow rate for organs and for adipose tissue,
respectively. In this study, the blood flow rates of the target
organs obtained from [31] were used as the initial term at 37
°C to express the blood flow rate in various organs. Figure
9 shows the blood flow rates used in this study. For the con-
tents of the small intestine, where no blood flows, and for

Fig. 8 Temperature dependence of specific heat and thermal conductivity
of biological tissues in the analytical model.

Fig. 9 Temperature dependence of blood flow rates in the tissues used in
the analytical model.

tissues such as cerebral spinal fluid, we set the blood flow
rate as 0 regardless of temperature.
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Table 1 Analytical conditions.

For Electromagnetic analyses
Minimum cell size [mm] 0.5
Maximum cell size [mm] 0.1

Time step[s] 2.33×10−13

Absorbing boundary condition Mur (1st order)
For Temperature analyses
Minimum cell size [mm] 0.5
Maximum cell size [mm] 0.1

Time step[s] 0.001
Boundary temperature [°C] 37.0

Initial temperature [°C] 37.0

3. Numerical model

The analytical model is shown in Fig. 10 (a). In this study,
the model was created by cutting out the area including the
renal nerve, which is the treatment site for RDN, from the
human model TARO and processing it in the same way as
in previous studies [33]. A blood vessel model with an
inner diameter of 6 mm and an outer diameter of 7 mm was
designed at the center, and a catheter was inserted into the
central axis of the blood vessel. A schematic diagram of the
inserted catheter is shown in Fig. 10 (b) [33]. The microwave
catheter consisted of a flexible coaxial-slot antenna and a
balloon. The outer diameter of the balloon is the same as
the inner diameter of the blood vessel. We add a flexible
coaxial antenna with single-slot, and a short circuit between
the inner and outer tip. The width of a ring slot is 1 mm
located 10 mm from the tip. The feeding point was located
at the other end from the ring slot. The inside of the balloon
was filled with water fixed at 37 °C to have a cooling effect
on the blood vessel surface.

In this analysis, nonuniform grids were used and small
cells were used only around the vessels. Table 1 shows the
analytical conditions of the calculation. The input power,
operating frequency, and heating time of the antenna were
set to 45 W, 2.45 GHz and 180 s, respectively. The same
voxels were used for the electromagnetic and temperature
analyses.

In this study, four points sites were used as observation
points for the temperature transition, as shown in Fig. 10 (a).
“A” was the observation point inside the vessel wall in touch
with the small intestine (x = 3 mm, y = 0), and “B” was the
observation point inside the small intestine (x = 6 mm, y =
0), 3 mm away from “A”. Similarly, “C” was the observation
point inside the vessel wall (x = -3 mm, y = 0) in touch with
the adipose tissue, and “D” was the observation point inside
the adipose tissue (x = -6 mm, y = 0). Numerical analysis
was conducted under the following two different conditions:
Model 1: with the temperature dependence of the electri-
cal and thermal constants and variable blood flow rate, and
Model 2: all physical properties are constant (independent
of temperature). The physical properties of the organs in
Model 2 obtained from [31] were used.

Fig. 10 Numerical model,

4. Results

Figure 11 shows the temperature distributions after 180 s of
heating. Figure 11 is the same cross-section as that in Fig.
10 (a), sliced at z = 50 mm. In both cases, specific heating
regions were observed near the small intestine (x = 5 mm, y =
-5 mm), while a relatively low temperature distribution was
observed on the adipose tissue side (x = -10 mm, y = 0 mm).
The heating area on the small intestine side (x = 5 mm, y = 5
mm) was narrower in Model 1 than in Model 2. On the other
hand, near the adipose tissue side (x = -10 mm, y = 0 mm),
there was no significant difference in the size of the heated
area between Model 1 and Model 2. Although the blood
vessel surface is the biological tissue closest to the catheter,
the water temperature inside the balloon was kept at a fixed
temperature of 37 °C, resulting in a reduced temperature
rise. The results of the temperature transition at points “A”
to “D” are shown in Fig. 12. The temperature at “A”, the
temperature observation point on the surface of the vessel,
was maintained at a temperature difference of approximately
1.25 °C between Model 1 and Model 2 after 5 s from the
start of heating. The temperature at “C” was almost the same
whether the temperature dependence of physical properties
considered or not.

The temperature difference between Model 1 and Model
2 at “B”, located 3 mm away from “A” towards the small
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Fig. 11 Temperature distribution after 180 s heating.

intestine, increased from the start of heating. Then, the
temperature difference between Model 1 and Model 2 after
180 s from the start of heating was 7.25 °C. On the other hand,
the temperature difference between Model 1 and Model 2
at “D”, located 3 mm away from “C” towards the adipose
tissue, was kept almost the same from the start of heating.
The temperature difference between Model 1 and Model 2
after 180 s from the start of heating at “D” was 0.54 °C.
This result indicates that the changes were smaller than on
the small intestine side. Since these results vary the physical
properties, we are not sure which parameter has the greatest
influence.

Model 1 required approximately 36 times longer calcu-
lation times than Model 2. Though the temperature analysis
performs the same amount of calculation with and without
updating the physical properties of biological tissue, electro-
magnetic field analysis was performed each time the physical
properties of biological tissues were updated.

Fig. 12 Temperature transition.

5. Conclusion

In this study, the relative permittivity of low water content
tissues, which have yet to be clarified, were measured in order
to perform a more realistic analysis. As a result, there was a
large spread in the measured values of both relative permit-
tivity and electrical conductivity. Although the temperature
dependence of the relative permittivity was determined, the
temperature dependence of the conductivity could not be
determined. Moreover, a high-precision temperature analy-
sis considering the temperature dependence of the physical
properties and blood flow rates was performed on the human
body model TARO. The results of the temperature analyses
showed that considering the temperature dependence pro-
duced a maximum temperature difference of up to 7.25 °C
when compared to the model without the temperature depen-
dences. However, the shape of the temperature distribution
showed a minor change compared to Model 1 and Model 2, in
our case. Incidentally, when the analysis is performed under
the condition that the physical properties of the biological
tissue were updated for every 1 s temperature analysis, i.e.,
when the physical properties of the biological tissue were up-
dated 180 times, the computation time takes approximately
36 times longer. In the future, the computational speed may
be resolved, making the process more practical. Finally, our
study will be useful for future RDN applicator development.
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