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Cancer treatment is one of the most challenging fields in medicine. Cancer is the second cause
of death in the world. Hyperthermia is an adjuvant oncological treatment, where the main goal
is to heat up the tumorous tissue by 4-8°C [1]. It is evident that the combination of common
treatments (e.g. radiotherapy or chemotherapy) with hyperthermia brings the benefits for
patients (5-year survival rate) [2].

In order to meet the safety requirements of the hyperthermia treatment, continuous tem-
perature monitoring is needed. The most used method is applying optical catheters which are
injected into the heated area. That is very uncomfortable for the patient. To overcome this
issue, non-invasive methods are being developed. Among them, we consider differential tem-
perature monitoring using UWB radar. In our previous feasibility studies, we demonstrated the
possibility to detect the reflected signal changes (differences) from the heated region in human
tissue-mimicking phantoms [3,4]. This approach is based on the reflected differential signal
intensity from the heated region. A differential signal is caused by the temperature dependence
of the dielectric parameters, which is creating contrast in the local heated area. The amount of
change in dielectric parameters of different tissues can be assigned to the water content in the
tissue. Due to the higher water content in human tissues, the relative permittivity and effective
conductivity are decreasing on frequencies above 2500 MHz during heating.

Proposing the specific temperature measurement system requires precise numerical simula-
tions. That needs valid input data about the changes in the dielectric parameters of different tem-
perature changes. A lot of extensive studies of dielectric parameters can be found in the literature,
but most of them were measured at constant room temperature. As far as we know there is a
study made by the team of Lazebnik, where the temperature dependence of complex permittivity
of the pork livers is measured and modeled [5]. In our previous study, the approach of the dielec-
tric parameters using UWB M-sequence radar measurement was presented [6,7].

The main purpose of this paper is to verify our approach of the measurement of the
temperature-dependent dielectric parameters using new muscle phantom intended for testing
of hyperthermia systems combined with UWB radar for the determination of the differential
temperature profile. From the measurement of the temperature dependency of the dielectric
parameters of the muscle tissue phantom, the temperature-dependent Cole-Cole parameters
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Measurement of temperature-dependent dielectric parameters

CAMB RIDGE For the temperature-dependent dielectric spectroscopy, an open-ended coaxial probe was used.
UNIVERSITY PRESS The principle of the method is based on the 1-port reflection (S;;) measurement.
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Measurement setup

The measurement setup was proposed to reach high accuracy and
suppress any uncertainties. We used dielectric probe SPEAG
DAK-12, which is able to perform measurements in the frequency
range of 4-3000 MHz [8]. The dielectric probe was fed vial coaxial
cable from the handheld network-vector analyzer Keysight
N9913A FieldFox being connected to PC with software for the
calculation of dielectric parameters developed by SPEAG
(Switzerland). The whole medium under test (MUT) and the
probe were immersed in a container filled by distilled water tem-
pered to the exact temperature of the measurement. To avoid
cable and probe movements, the container and MUT were placed
on a lifting table.

The measurement setup for the temperature-dependent spectros-
copy of dielectric parameters is shown in Fig. 1(a). Figure 1(b)
depicts the water container with the dielectric probe and two tissue
mimicking-phantoms. In the control sample two temperature
probes were inserted.

Temperature-dependent calibration

In our preliminary measurements, the probe calibration was rea-
lized by a three-term calibration (open, short and matching
liquid). As a reference liquid, the 0.1 M saline solution was
used. The calibration was performed only at laboratory tempera-
ture (20°C).

According to our initial results from [6], the difference
between the measured temperature dependence of distilled
water and the Ellison model [9] can be reduced by performing
the temperature calibration. To do this, the probe, short, and ref-
erence liquid were preheated to the temperature during which the
calibration was performed. The temperature calibration was done
at seven temperatures in the range of 20-50°C at the 5°C intervals.

Statistical evaluation of measurement

The measurement was performed 10 times at each considered
temperature. From that data the mean value together with the
standard deviation (uncertainty type A - u,) was calculated.
From the data sheet [8] provided by the manufacturer of the
dielectric probe the probe uncertainty at each frequency band
was taken (uncertainty type B — ug). Both types of error are con-
sidered as statistically independent from each other. The mea-
sured results in this paper are presented with the combined
standard uncertainty (uncertainty type C - uc) calculated accord-
ing to the following equation (1), which is presented in the

graphs.
uc = Juj + uj 1)

Measurement procedure and accuracy

Figure 1 illustrates a measurement setup for the temperature-
dependent spectroscopy of the muscle phantoms. The
temperature-dependent calibration was performed before the
start of the measurement. Two identical tissue-mimicking phan-
toms were inserted into the heated water. In the control sample
two temperature probes were inserted (one in the center, second
to the edge of the phantom). The probe was immersed in water
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and attached to the MUT. The water in the container was heated
to the temperature of measurement and the temperature of the
controlling sample was observed. When the difference between
temperature (T; and T,) was less than 0.2°C, the phantom was
taken as uniformly heated. The calibration for this temperature
was loaded and the measurement was performed.

For the accuracy evaluation, the dielectric parameters of the
distilled water were measured in the temperature range of 25-
45°C. The complex relative permittivity is defined as follows:

e(f, T)=¢&(f, T)—ie"(f, T) )

where €* is the complex permittivity, €’ is the relative permittivity,
£” represents the dielectric loss, f is the frequency, and T is the
temperature. The dielectric loss can be transformed into the
effective conductivity o according to the following formula:

o(f, T) = 2nufeee”(f, T) 3)

where g is the permittivity of free space.

In Fig. 2 the results of the measurement (relative permittivity
£(f, T) and effective conductivity o(f, T)) are presented (solid
lines). This measurement was performed after the temperature-
dependent calibration. The dashed lines are presenting the
Ellison model [9].

The relative permittivity and effective conductivity are decreas-
ing with the increasing temperature. This corresponds to the
Ellison model. The measured relative permittivity shows good
correlation with the data from the Ellison model in higher fre-
quencies. For the frequencies below 1GHz, the deviation is
increasing. This can be caused by the used calibration material
for the short (copper), which is according to the probe manual
intended for the frequencies above 500 MHz [8].

In Fig. 3 the mean deviation & of the measured temperature
dependence of distilled water and model of Ellison is shown.
The mean deviation is calculated according to the following
equations:

83,(f> T) = gmeusured(f’ T) - S/Ellisan(f’ T) (4)

30-(fa T) = (_Tmeasured(f> T) - UEllison(fa T) (5)

where &' casureq is the measured mean value of the relative permit-
tivity and Gyeasured is the measured mean value of conductivity.
The differences of the relative permittivity without temperature
calibration (Fig. 3(a) — dashed lines) are increasing with the fre-
quency and temperature. The deviation is approximately 2.5
units at the upper frequency. In the case of used temperature-
dependent calibration, the deviation has decreased and is rela-
tively similar for all measured temperatures. The deviation is
~0.7 units. Figure 3(b) is representing the deviations of the effect-
ive conductivity of our measurements and Ellison model. The
solid lines show results with the temperature-dependent calibra-
tion and the dashed lines without temperature calibration. For
the lower frequencies (below 500 MHz) the deviation is negligible
for both cases. With the increasing frequency, the deviation is
growing mainly for the measurement without temperature-
dependent calibration.

The deviation of the measurement, where the temperature-
dependent calibration was used, is fluctuating around zero. The
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Fig. 1. Measurement setup for the measurement of temperature dependence of tissue mimicking phantoms (a) and the photo of the water container with the
coaxial probe and MUT (b).
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Fig. 2. Measured temperature-dependent relative permittivity (a)* and effective conductivity (b) with combined standard uncertainty uc (equation (1)) of distilled
water (solid lines) in the frequency range of 150-3000 MHz after temperature-dependent calibration compared to the model from Ellison marked as E - (dashed
lines).
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Fig. 3. Differences between the Ellison model and measured temperature-dependent relative permittivity (a) and effective conductivity (b) depending on the cali-
bration procedure. Dashed lines corresponding with the measurement without temperature dependent calibration and solid lines with temperature calibration.

deviation for this measurement is ~0.05 (S/m). It is obvious that ~ According to our opinion, the measurement equipment and the
the temperature dependent calibration reduced the deviation of = proposed measuring procedure ensure the sufficiently precise
the measurement. It is very convenient to perform the measurement of the temperature-dependent dielectric parameters
temperature-dependent calibration before the measurement. of liquids and solids.
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Table 1. The composition of proposed muscle phantom, substances in
percentages by weight.

Ingredients (%) Ratio
Distilled water 83.88
PE powder 10.02
TX-151 3.25
Agar powder 2.30
Sodium chloride 0.55

Phantom for microwave imaging

In this section, the proposed measurement method is applied to the
new phantom intended for of the microwave imaging systems testing.
In our previous study [10], we introduced a new muscle tissue-
mimicking phantom. Its dielectric properties were tuned in the way
to imitate the frequency dependence of relative permittivity and effect-
ive conductivity estimated by Gabriel et al. [11]. However, tempera-
ture measurements performed on various kinds of biological tissue
by Ley et al. showed certain differences in behavior [7]. The original
phantom was adjusted in order to obtain similar dielectric properties
as the current study by Ley et al. The composition changes were
mainly in the mixture of distilled water, polyethylene (PE) powder,
and polysaccharide TX-151. The composition of the final phantom
is shown in Table 1, together with other tested versions.

Relative permittivity is mainly dependent on the mixture of dis-
tilled water and PE powder, conductivity is highly dependent on the
proportion of sodium chloride. As described in [10], for appropriate
sample preparation longer time of PE powder mixing is recom-
mended. Plastic wrap is convenient for preventing water evapor-
ation. The vacuum system reduces the number of air bubbles. The
appropriate cover is necessary during storage. Therefore, special
care should be taken in handling and mixing the substances.

For future studies, it is also very convenient to satisfy tempera-
ture dependence requirements, for this purpose measurement in
the temperature range of 25-50°C was performed. The final ver-
sion of phantom also had to meet the required mechanical prop-
erties, especially for higher temperature.

Temperature dependent dielectric properties of phantom
for microwave hyperthermia and imaging

The measured phantom was of cylindrical shape with sufficient
dimensions (70 mm in height with a diameter of 120 mm) to
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ensure that there is no influence on the surrounding area. The
probe was attached directly to the phantom (in the central part)
during the whole measurement. Figure 4 shows measured relative
permittivity (A) and effective conductivity (B) of the proposed
phantom in the temperature region of 25-50°C. The relative per-
mittivity is decreasing with the temperature and frequency nearly
linearly in the whole temperature range.

The effective conductivity (Fig. 4(b)) is rising with the tem-
perature to 2300 MHz. Around this frequency, the intersection
of the courses can be visible. For the higher frequencies (above
2300 MHz) the effective conductivity is decreasing with the
increasing temperature. The measured temperature-dependent
dielectric properties of the proposed muscle tissue phantom are
fitted to the temperature-dependent Cole-Cole model.

Fitting procedure

A frequency and temperature-dependent Cole-Cole model was
determined by measured data. The model enables to simplify
the results of measurements and calculate complex relative per-
mittivity and effective conductivity at any frequency and tempera-
ture within the given range. The same principle was used to
describe the biological tissues data, for example, in [11].

The Cole-Cole model is fitted to the measured data to represent
the interaction of the material with the electromagnetic field. The
Debye form of the model was used for the materials with constant
relaxation times. To model the dispersion accurately, the two pole
Cole-Cole model was chosen and fitted. Dispersion behavior is
actually present in a broader frequency range, more than it was
expected, especially for liquid and solid dielectrics. For this reason,
empirical index o was introduced in the original formula. Following
two-pole Cole—Cole model is used in this study:

* . AS](T)
& (f’ T) - SOO(T) + 1+ (io_)Tl(T))lial
.ASz(T) . U.S(T) ©)
1+ (iony(T)) ™% iweg

where Ag;, Ae, are the dispersion magnitudes, £, represents the
permittivity at very high frequencies (ideally infinite frequency),
71, T, are the relaxation times (typically in ns or ps), o; is the static
conductivity, and @ = 2xf is the angular frequency.

At first Levenberg-Marquardt algorithm was used to fit the two-
pole Cole-Cole model to the measured data for each temperature.
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Fig. 4. Measured temperature dependency of the new muscle tissue phantom in the temperature range of 25-50°C.
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Table 2. Temperature coefficients of the two-pole Cole-Cole model of the
muscle tissue phantom

n A, B, Cn
Eoo it 1 0.6600 x 10~3/K? —0.1303/K 8.2064
Aey, fir 2 0.6464 x 103/K? —0.1293/K 58.1866
7 fir 3 5.4272 fs/K? —0.5376 ps/K 17.83 ps
Agy, it 4 —0.1804 x 1073/K?2 0.0221/K 58.6487
T, fit 5  —0.1541ns/K? 6.3925 ns/K 4383873 ns
Os, fit 6 —0.1030 x 10~ mS/K? 0.0234 mS/K 465.4264 mS

As there are many fitting parameters, indexes o, @, were fixed to
the value 0.1 for simplification of calculations. The initial values
were set according to Gabriel’s parameters for muscle tissue. The fit-
ting procedure is taken from [7]. The solution was divided into the
real and imaginary part of complex relative permittivity. To obtain
the real part, we calculated parameters £q,, sir AE1, fir AE2, firs T4, fip Ta,
i+ by minimizing the mean absolute error over the frequency range
of 10 to 3 GHz. After this procedure, the static conductivity sigma
was computed to fit imaginary part by the same method as the
real part. To get the temperature dependence, a second-order poly-
nomial function with coefficients A,, B,, C,, was used to fit the tem-
perature dependence of the Cole-Cole parameters.

o fit(T) = A1 T> + B, T + C;
Aey @(T) = A, T? + BT+ G,

1, 1(T) = AsT? + BsT + Cs -
Aey w(T) = AyT? + By T + C,

7, it(T) = AsT? + BsT + Cs
oo w(T) = A¢T* + BsT + Cs

The final temperature-dependent dielectric properties of the
proposed phantom can be computed by the following formula:

A“J‘l,ﬁt(T)
1+ (o 5(T)' ™

A82,ﬁr(T)
14 (iwry(T)) ™

&5 (fo T) = sogu(T) +

8)
O-S,ﬁl’(T) (

iweg
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The difference between the measured value and fitted value of
the real part of complex relative permittivity and effective con-
ductivity at a certain frequency and temperature indicates the
quality of the fitting procedure.

O measuredfit > T) = Epneasurea > T) = &3 (fL T) (9
Effective conductivity was firstly calculated by
ofie (f, T) = w eoey (f, T) (10)
Then the difference is
O measuredfit (f> T) = Omeasured(fs T) — o (f, T) (A1)

Fitting parameters and temperature coefficients of the mea-
sured phantom are shown in following Table 2 along with
Fig. 5, where the results of the fitted Cole-Cole model are
presented.

Figure 5 shows the temperature dependence of the dielectric
properties of the muscle tissue phantom based on the fitted
parameters of the Cole-Cole model. The graphs from Fig. 5
are based on the temperature-dependent Cole-Cole model -
equation (8). The modeled effective conductivity has an inter-
section at frequency ~2500 MHz. This is corresponding with
the results from the measurement. The trend of the temperature
dependence is consistent with the models presented by Ley [7]
or Gabriel [11].

The efficiency of the fitting procedure is shown in Fig. 6. It
representing the differences between measured and modeled
data of the muscle tissue phantom. The differences between mea-
sured and modeled relative permittivity are lower than 0.7 in case
of relative permittivity (A) and lower than 0.4 (S/m) in case of
effective conductivity (B).

Conclusion

In this paper, the technique of the measurement of the
temperature-dependent dielectric parameters of liquids and solids
is presented. This measurement of a quite high accuracy was
made for the temperature range between 25 and 50°C. The accur-
acy was verified by the measurement of the temperature depend-
ency of dielectric parameters of the distilled water and compared
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~.35°C
- -40°C
- 45+C
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Effective conductivity » (Sim)

0.5

1500 2000 2500
Frequency in (MHz)
(b)

1000

Fig. 5. (a) Relative permittivity and (b) effective conductivity of tissue-mimicking phantom modeled from the fitted two-pole Cole-Cole model.

https://doi.org/10.1017/51759078720000203 Published online by Cambridge University Press


https://doi.org/10.1017/S1759078720000203

890

0.6

0.4

0.2

measured, it

35

30 gy B0 0
Temperature (°C) 1000

25 500
0 Frequency (MHz)

(a)

Ondrej Fiser et al.

04

0.35

0.25

measured, it

der

0.2

1015

3

2500

30 2000
Temperature (°C) B 260 1000 1500
0 Frequency (MHz)

(b)

Fig. 6. Differences between measured and modeled data by the two-pole Cole-Cole model of (a) relative permittivity and (b) effective conductivity.

with literature data. The temperature-dependent calibration of the
measurement setup suppresses the difference from the literature
model approximately by about 1.8 units for relative permittivity
and 0.08 (S/m) for the effective conductivity.

After the verification process, the spectroscopy of a new phan-
tom [10] intended for microwave hyperthermia and temperature
imaging via UWB radar was performed. Furthermore, the mea-
sured temperature dependencies of dielectric parameters were fit-
ted to the two-pole Cole-Cole model. The differences between
measured and modeled data are at an acceptable level. Owing
to the measured data and their evaluation, the proposed phantom
is suitable for the testing.
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