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Dielectric Modeling of Adipose Tissue as a
Function of Water Content From 1 GHz to 100 GHz

Kensuke Sasaki and Tomoaki Nagaoka

Abstract — The dielectric properties of adipose
tissue have large variability mainly due to variable
water content. In this study, a parametric model of the
dielectric properties of adipose tissue that expresses the
Cole—Cole parameters as functions of water content was
proposed. The model was parameterized on the basis of
dielectric measurements of porcine adipose tissues in
vitro in the frequency range from 1 GHz to 100 GHz.
Our model demonstrated fair agreement with the
measurement results. In addition, dielectric properties
derived from our model was compared with those
derived using the mixing rule to demonstrate the
advantage of the proposed model.

1. Introduction

The dielectric properties of biological tissues are
fundamental parameters for the electromagnetic mod-
eling of the human body and are used in the field of
radiation protection from electromagnetic fields and in
medical applications. There have been numerous studies
on dielectric measurement since the 1990s, and it is well
known that tissue water content is one of the dominant
factors determining dielectric properties in the radio
frequency domain [1, 2]. In particular, the dielectric
properties of adipose tissue, distributed throughout the
body, have a large variance with water content; the
spread in the values (ratio of the maximum to
minimum) are up to 10-fold for permittivity and 30-
fold for conductivity [2—4]. In research studies on
computational dosimetry for radiation protection from
electromagnetic fields, representative data of adipose
tissue have been adopted in the electromagnetic
modeling of the human body [5]. As a current
advancement of the electromagnetic modeling of the
human body, biomedical image data have been used for
determining the nonuniform distribution of the dielec-
tric properties of each tissue [6]. To enable a precise
electromagnetic model of the human bodys, it is essential
to provide the dielectric properties of adipose tissue
with respect to water content.

In this study, our objective is to develop a
parametric model of the dielectric properties of adipose
tissue for water content. First, dielectric measurements
of adipose tissue were conducted in vitro using porcine
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tissue at frequencies from 1 GHz to 100 GHz. The
tissue water content was also measured for each tissue
sample. Second, a novel parametric model, in which the
Cole—Cole model was formulated as function of water
content, was proposed and parameterized on the basis of
measurement results. The applicability of the paramet-
ric model was discussed by comparing the dielectric
properties derived from the model with the measure-
ment data. Finally, the effectiveness of the proposed
model was discussed in comparison with the mixing
rule.

2. Measurement Methods

2.1 Tissues

Adipose tissues were separated from porcine
subcutaneous tissues. The tissues were obtained from
the skin at the abdomen in general and also from the
back for low-water content (or high-fat content) adipose
tissue. The tissue samples were prepared to ensure that
they were at least several times larger than the diameter
of the contact surface of the sensor for dielectric
measurement; the contact surface of the sensor is ¢9.5
mm [7].

Measurement samples were stored in an incubator
to increase the temperature to body temperature (around
35 °C), and relative humidity was controlled to >95%
to prevent tissue drying. After the warming process, the
samples (N = 29) were subjected to dielectric
measurements.

2.2 Measurements

A coaxial sensor, often referred to as a coaxial
probe, was used for the dielectric measurements at
frequencies from 1 GHz to 100 GHz [7]. Before starting
the measurements, the measurement system was verified
using methanol at a room temperature of 20 °C. The
same measurement setup as that described in [8] was
used for the dielectric measurements. The coaxial sensor
is connected to a millimeter wave test head module
(N5260A test set, Agilent Technologies, Inc., USA) via a
coaxial cable. Three-standard calibration was adopted.

The measurement procedure for each sample is as
follows. The tissue temperature was measured using a
thermocouple thermometer before starting the measure-
ments. For each adipose sample, the measurements
were repeated five times by attaching the sensor to
different parts of the sample. The tissue temperature
was measured and recorded. These processes were
repeated for each adipose sample. To minimize the
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Figure 1. Example of parameterization of the Cole—Cole model.

decrease of tissue temperature, the sample was set on a
glass heater (MATS-OTSF-LO, Tokai Hit, Inc., Japan).
Tissue temperatures during the measurement were
within the range of 27 °C; to 38 °C, and the mean
tissue temperature was 34 °C.

After the dielectric measurement were conducted
for each sample, the samples were stored in a freezer.
The water content of each measured sample was
estimated from the difference in mass before and after
freeze drying. The measured water content ranged from
4.8% to 39.7%; the means * standard deviations (SD)
were 25.8% = 10.4%.

3. Dielectric Modeling

3.1 Parameterization Method

The dielectric dispersion characteristics of tissues
are well represented using the Cole—Cole equation [2].
Therefore, we proposed a dielectric model of adipose
tissue by expanding the conventional Cole—Cole model.
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Here, ¢ is the relative complex permittivity,
which is a function of frequency f (Hz) and water
content u (%), and j and ¢, are a pure imaginary number
and permittivity in a vacuum ~ 8.85X 10712 (F/m),
respectively. Also, &, g, A, f,, and o are the relative
permittivity at /' > f,, dc conductivity (S/m), magnitude
of dispersion, relaxation frequency (Hz), and distribu-
tion parameter, respectively. These Cole—Cole param-
eters were assumed as functions of the water content in
our model.

The Cole—Cole parameters were functionalized
using the procedure for a tissue-equivalent phantom
proposed in [9]. Note that the mathematical formulae
for the functionalization of each parameter were
empirically determined in accordance with the correla-
tion between each parameter and the water content (an
example is shown in Figure 1).

& (fu) = e=(u) (1)
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Figure 2. Example of results derived from the model (1) and
measurement: relative permittivity (top) and conductivity (S/m;
bottom).

As a result of the parameterization, the Cole—Cole
parameters were functionalized as follows:

& (u) = 5.00 — 3.03 exp(—0.029u) (2)
0.255
o,(u) = 0.037 - (18%)697 (3)
13.6
A(u) = 1.60 + - (lg%yéﬁ (4)
fr(u) = (17.5 +0.012u) X 10° (5)
o(u) = 453exp(—2.00u) (6)

3.2 Results of Dielectric Parameterization

Figure 2 shows the dielectric properties (relative
permittivity and conductivity) obtained from the
measurement and from our model for water content of
5.1%, 20.7%, and 39.7% as examples. The deviations
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(mean = SD) between our model and the measurement
results for all data were 10% = 7% for permittivity and
15% = 11% for conductivity.

The effects of tissue heterogeneity on the
dielectric properties of each adipose sample were
estimated to be 9% for permittivity and 17% for
conductivity. Note that the effect of tissue heterogeneity
was estimated from the SD of the mean of each sample
obtained from five repetitions of measurements [10],
and the previously mentioned values are the average
values over the whole frequency range and all samples.
In addition, the standard uncertainties in the measure-
ment system for the measurement of a reference liquid
(methanol) were reported to be no larger than 13% for
permittivity and 16% for conductivity [8]. Considering
the measurement uncertainty for the reference liquid
and the tissue heterogeneity for each sample, the
discrepancies in the dielectric properties between our
model and the measurements were considered to be
marginal.

4. Discussion

To discuss the advantage of our model (1), the
dielectric properties derived from the model were
compared with those from the mixing rule. We focus
on a mixing rule referred to as Lichtenecker’s
exponential law [11], which has been used in the
computational dosimetry of human exposure to radio
frequency electromagnetic fields [12]. The relative
complex permittivities of a mixing material (¢ ;)
were formulated using [12] '

U tref 100—u

£ min (1) = e ™ ™ (1 = jtand) (7)

r.ref

where ¢,.,, is the relative permittivity of water, and &, rer
and tano are the relative permittivity and loss tangent of
a reference sample with u = us, respectively.

Figure 3 shows the dielectric properties derived
from our model (1) and from the mixing rule. To
determine the dielectric properties from the mixing rule,
we used the dielectric properties of water (&,.,,) at 34 °C
using the parametric model by Ellison [13], and & rer
was derived from our model with u..f = 25% (around
the mean water content throughout the sample in our
measurements).

The dielectric properties derived from the mixing
rule were in fair agreement with those derived from the
model for a water content of 40%. The deviations in
dielectric properties (mean * SD throughout the
frequency range) derived from the mixing rule from
those derived from the model were 10% = 4% for
permittivity and 6% = 5% for conductivity. On the
other hand, the deviations were 6% =*= 4% for
permittivity and 26% = 3% for conductivity at u =
20%, and they enormously increased for u = 5%.

The applicability of the mixing rule may deteri-
orate with the increase in |u — uyr|; this tendency has
been observed through u = 20% to 5% in Figure 3, as
an example. In the mixing rule, the values of &, s and
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Figure 3. Dielectric properties derived from (1) and from mixing
rule: relative permittivity (top) and conductivity (S/m; bottom).

& are obtained with u = uyr and 100%, respectively,
according to (7). This implies that the dielectric
properties derived from the mixing rule with u = 40%
were interpolations between ¢.,, and &, Whereas
those in the other cases, u =5% and 20%, were
extrapolations. Because the dielectric properties in the
case of u = 5% derived from the mixing rule are
extrapolated values, large differences from the model
are expected. On the other hand, the dielectric
properties in the case of u =40% derived from the
mixing rule demonstrated deviations of similar order to
those between the model and the measurement, as
described in Section 3.2. Note that we also applied the
mixing rule with wuer = 5% and compared the
interpolated dielectric data at u = 20%, 30%, and
40% derived from the mixing rule with those derived
from the model. In these cases, large deviations from
the previous case (ur = 25%) were observed, partic-
ularly in conductivity in the range of u from 20% to
40%. In addition, the mixing rule assumes nonvariant in
the loss tangent (tand) with water content, as shown in
(7). It may also limit applicability of the mixing rule



and cause larger deviations in conductivity compared
with permittivity. In fact, values of tand with u = 5%
decrease 50% to 80% from those with u = 25% (uer),
and these variances were within 10% from wu,r to
u = 40%.

These results demonstrated that the mixing rule
from Lichtenecker’s exponential law may provide a
reasonable agreement with our proposed model in
interpolating (u > u,r) dielectric properties, if s
was reasonably selected. On the other hand, our model
has the advantage of reasonably being able to determine
dielectric properties over a wide range of water content
from 5% to 40%, especially at low water content.

5. Conclusion

In this study, we provided the Cole—Cole
parameters of adipose tissue, with the parameters
determined as functions of water content. The coeffi-
cients of the parameters were systematically derived by
parameter fitting and using the dielectric data of porcine
adipose tissue measured in vitro. Dielectric data derived
from our model show fair agreement with the
measurement data. In addition, the advantage of our
model was demonstrated in comparison with the
conventional mixing rule.

The provided model can be used to determine the
appropriate dielectric properties of adipose tissue, with
a large variance and distribution throughout the body, at
frequencies ranging from 1 GHz to 100 GHz.

6. References

1. A. Hirata, Y. Diao, T. Onishi, K. Sasaki, S. Ahn, et al.,
“Assessment of Human Exposure to Electromagnetic
Fields: Review and Future Directions,” IEEE Transac-
tions on Electromagnetic Compatibility, 63, 5, October
2021, pp. 1619-1630.

2. K. Sasaki, E. Porter, E. A. Rached, L. Farrugia, and G.
Schmid, “Measurement and Image-Based Estimation of
Dielectric Properties of Biological Tissues —Past,
Present, and Future,” Physics in Medicine & Biology,
67, 14, July 2022, p. 14TROL.

3. M. Lazebnik, L. McCartney, D. Popovic, C. B. Watkins,
M. J. Lindstrom, et al., “A Large-Scale Study of the
Ultrawideband Microwave Dielectric Properties of Nor-

10.

11.

12.

13.

URSI RADIO SCIENCE LETTERS, VOL. 4, 2022

mal Breast Tissue Obtained From Reduction Surgeries,”
Physics in Medicine & Biology, 52, 10, April 2007, pp.
2637-2656.

. A. Martellosio, M. Pasian, M. Bozzi, L. Perregrini, A.

Mazzanti, et al., “Dielectric Properties Characterization
From 0.5 to 50 GHz of Breast Cancer Tissues,” /[EEE
Transactions on Microwave Theory and Techniques, 65,
3, March 2017, pp. 998-1011.

. K. Sasaki, M. Mizuno, K. Wake, and S. Watanabe,

“Monte Carlo Simulations of Skin Exposure to Electro-
magnetic Field From 10 GHz to 1 THz,” Physics in
Medicine & Biology, 62, 17, August 2017, pp. 6993-7010.

. E. A. Rashed, Y. L. Diao, and A. Hirata, “Learning-Based

Estimation of Dielectric Properties and Tissue Density in
Head Models for Personalized Radio-Frequency Dosim-
etry,” Physics in Medicine & Biology, 65, 6, March 2020,
p. 065001.

. K. Sasaki, Y. Isimura, K. Fujii, K. Wake, S. Watanabe, et

al., “Dielectric Property Measurement of Ocular Tissues
up to 110 GHz Using 1 mm Coaxial Sensor,” Physics in
Medicine & Biology, 60, 16, August 2015, pp. 6273-6288.

. K. Sasaki, A. Nishikata, S. Watanabe, and O. Fujiwara,

“Intercomparison of Methods for Measurement of Di-
electric Properties of Biological Tissues With a Coaxial
Sensor at Millimeter-Wave Frequencies,” Physics in
Medicine & Biology, 63, 20, October 2018, p. 205008.

. K. Sasaki, K. Kawabata, Y. Shimizu, S. Watanabe, K.

Wake, et al., “Design of a Skin Equivalent Phantom for
Estimating Surface Temperature Elevation due to Human
Exposure to Electromagnetic Fields From 10 to 100
GHz,” IEEE Transactions on Electromagnetic Compati-
bility, 63, 5, October 2021, pp. 1631-1639.

C. Gabriel and A. Peyman, “Dielectric Measurement:
Error Analysis and Assessment of Uncertainty,” Physics
in Medicine & Biology, 51, 23, October 2006, pp. 6033-
6046.

K. Lichtenecker, “Die Dielektrizitatskonstante naturlicher
und kunstlicher Mischkorper,” Physikalische Zeitschrift,
27, January 1926, pp. 115-158.

J. Wang, O. Fujiwara, and S. Watanabe, “Approximation
of Aging Effect on Dielectric Tissue Properties for SAR
Assessment of Mobile Telephones,” IEEE Transactions
on Electromagnetic Compatibility, 48, 2, May 2006, pp.
408-413.

W. Ellison, “Permittivity of Pure Water, at Standard
Atmospheric Pressure, Over the Frequency Range 0-25
THz and the Temperature Range 0-100°C,” Journal of
Physical and Chemical Reference Data, 36, 1, February
2007, pp. 1-18.



