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Abstract—Dielectric properties of biological tissues are criti-
cally important for various electromagnetic based medical ther-
apeutic and diagnostic technologies. This paper attempts to
develop an empirical dielectric mixture model using the classical
dielectric mixture theory and water content information to
estimate the in-vivo dielectric properties of biological tissues over
the microwave frequency range.

Index Terms—mixture model, dielectric properties, water con-
tent, dielectric measurements.

I. INTRODUCTION

Dielectric properties namely, the conductivity and the rela-
tive permittivity, are inherent electrical characteristics of bio-
logical tissues and are determining factors for the transmission,
reflection and absorption of electromagnetic (EM) energy in
the human body. The relative permittivity is a measure of the
ability of the material to store electric energy. While, the con-
ductivity describes the flow of charge under the applied field,
and hence measures energy loss. The precise knowledge of
dielectric properties of biological tissues is essential in a wide
variety of applications, including the assessment of the specific
absorption rate (SAR), and the design and use of emerging
medical sciences, diagnostic and therapeutic technologies [1],
[2].

The dielectric properties of biological tissues have been
studied extensively since the early 1950s and numerous dielec-
tric studies have been carried out using different measurement
methods. Most of the tissue dielectric data in literature is based
on ex-vivo dielectric measurements of animal tissues and in
few cases human tissues [3], [4], [5], [6]. The available in-
vivo dielectric data have mainly been collected from animal
dielectric studies [3], [6].

Literature shows that the dielectric properties of the same
tissue type vary between patients [7]. In addition, there are
conflicting views about the difference between the dielectric
properties of in-vivo and ex-vivo tissues [6]. The accurate
knowledge of in-vivo dielectric properties is crucial for safety
and reliability assessment of medical technologies, and the
uncertainty involved in using ex-vivo measurements as in-
vivo can have a significant impact on the safety assessment.
Therefore, there is a clear need of in-vivo tissue dielectric
characterisation either via direct in-vivo measurements or by
modelling the factors contributing to the dielectric properties.
Direct in-vivo measurements of human body tissues are ex-

tremely difficult due to the limitations and invasive nature
of available measurement techniques. Thus, modelling the in-
vivo dielectric properties of tissue as a function of measurable
contributors can be a suitable alternative.

Different mixture formulae exist including Maxwell-
Garnett, Bruggeman, Looyenga and Birchak formulae [8], [9],
[10]. Several studies have made attempts to predict dielectric
properties using mixture formulae [11], [12], [13]. Gun et al.
[12] measured the relative permittivity of blood, fat, liver and
brain over the frequency range of 10 KHz - 10 MHz. Gun et al.
then modelled liver and brain as mixtures of blood and fat and
applied three mixture formulae (Maxwell-Garnett, Skipetrov,
and Bottcher-Bordewijk) to predict the volume fraction of
blood in liver and brain. The difference between predicted
volume fractions by the three mixture formulae in Gun et al.
study ranged from 50 to 300 % for both tissues. Balduino
et al. attempted to predict the dielectric properties of ex-vivo
bovine muscle and liver tissue samples over the frequency
range of 0.5 - 8.5 GHz using Maxwell Garnett and Bruggeman
formulae. In Balduino’s work, the maximum average fractional
errors between the measured and predicted relative permittivity
values for liver tissue were 38.5% and 27.5% and for muscle
tissue were 35% and 29.7% using Maxwell-Garnett formula
and Bruggeman formulae, respectively. While, for conductiv-
ity, the maximum errors were 83.3% and 79.4% for liver tissue
and were 67.1% and 56.8% for muscle tissue using Maxwell-
Garnett formula and Bruggeman formulae, respectively.

The above-mentioned studies demonstrated that theoretical
mixture models could be a valuable tool aiding in the char-
acterisation of the dielectric properties of biological tissues.
However, the direct application of theoretical mixture models
has not been able to provide reasonable accuracy. This paper
aims to develop an empirical dielectric model to estimate
the in-vivo dielectric properties of tissue of interest based on
the information of water content. The in-vivo water content
of biological tissue can be measured quantitatively via MRI.
Several methods for water content estimation from MRI have
been reported in literature, achieving accuracy of up to 98%
[14]. The proposed model uses the classical dielectric mix-
ture theory and treats the tissue as a mixture of water and
solids (proteins, dry lipids, and other inorganic components).
The proposed model will support the development of patient
specific dielectric models that can improve the reliability and
accuracy of EM medical treatments.
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II. DIELECTRIC MIXTURE THEORY

Dielectric mixture theory describes how the macroscopic
dielectric properties of a heterogeneous material relate to the
dielectric properties of its constituents [10]. The dielectric
properties of heterogeneous biological tissues can be modelled
as a mixture of the dielectric properties of cells, extracellular
proteins and interstitial fluid.

In the literature, most of the mixture formulae are derived
for a two-phase mixture, consisting of two dielectric compo-
nents. In the mixture, one dielectric component is treated as
the host and the other as the inclusion. The classical Maxwell-
Garnett (MG) mixture formula to predict the effective permit-
tivity (g¢ry) of a mixture is given in [8] as:

E; — Ee
gitee— flei —ee)

where, ¢; is the permittivity of randomly distributed cylin-
drical inclusions in a homogeneous background medium with
permittivity of e., f is the volume fraction of the inclusion
and .7 is the effective permittivity of the mixture.

Another widely used mixture formula is the Bruggeman
formula [9], given as:

Ee —Eeff Ei — Eeff
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Sihvola et al. [10] combined the dielectric mixing rules into
one family by introducing a dimensionless parameter v, which
is an arbitrary positive number:

Eeff — €e _ E; — Ee
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The different values of v recover different mixture formulae.
v = 0 provides the MG formula, and v = 1 gives the
Bruggeman formula.

A different approach that is also commonly used in mod-
elling analysis, is called power-law model:

6fff = fel + (1 - f)el 4)
where § is a dimensionless parameter. The cases of 8 = %
and 8 = % are known as the Birchak formula [15] and

the Looyenga formula [16], respectively. Initially, the mixing
models were developed for lossless material, but afterwards
they were applied to lossy material by replacing the real
permittivity values with the complex permittivity values in the
mixing models.

III. DEVELOPMENT OF PROPOSED DIELECTRIC MIXTURE
MODEL

Mixture models attempt to describe the dielectric properties
of a mixture in terms of the dielectric properties of the compo-
nents, namely the inclusions and the background medium. For
biological tissues, background medium can be approximated as
water when the electromagnetic stimulus is in the microwave
frequency band. Water is the major contributor to the dielectric
properties of biological tissues in the microwave frequency
band [17]. The proposed model makes the simple assumption

that a tissue is a mixture of water and composition of solids
(proteins, dry lipids, and other inorganic components).

The proposed dielectric mixing model is based on the
power-law model (Eq. 4). The reasons for selecting the power-
law model are simplicity of the model and flexibility of
dimensionless parameter 5. The Eq. 4 can be re-written as:

1
cerr = {1l + (1= et} " )
The water is considered as the homogeneous background
medium and a single-pole Cole-Cole model is used to incor-
porate the frequency dependent behaviour of the biological
tissues. Thus, in Eq. 5, ¢, is replaced with Cole-Cole model
of pure water (cy) [18] and ¢; is replaced with single-pole
Cole-Cole model (¢¢) of unknown inclusion.

1/B
cers = { e+ (1= Dl | ©)

While the Cole-Cole model of water in microwave frequency
range is represented in [18] as:

o — 2.976 & 78.09 0.001
W 1+ (jw9.0157 x 10-12)(1=0-0139) " e,
(7
and the Cole-Cole model of unknown permittivity of inclusion
is:
A s
co=¢ - - ®)
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where ¢p = 8.85 x 10712 is the permittivity of free space and
w is the angular frequency.

IV. MODEL OPTIMISATION

The unknown parameters of the proposed model (£, Ag,
T, 0s, @, and [3) were obtained empirically by fitting to the
measured dielectric data. The dielectric data was obtained from
measurements performed on bovine liver tissue samples. The
details about sample preparation and dielectric measurements
along with the algorithm used for parameter optimisation are
provided in the following sub-sections.

A. Sample Preparation

Fresh bovine liver tissue samples were obtained from a
local abattoir and were labelled as HMG SO — HMG S5.
Each sample from HMG S1 — HMG S5 was exposed to a
different level of dehydration through heating in a laboratory
oven, and the loss in water content was measured in terms
of mass fraction. The samples were homogenised using the
dry-freeze method [19].

In addition to the six homogenized samples (HMG SO-S5),
another set of five liver tissue samples of same mass were
prepared and labelled as STD SO. The dielectric properties of
the freshly prepared STD SO were measured, and the samples
were left aside to dry for 72 days. The mass fraction of total
water content in liver tissue was derived from measured mass
of STD SO before and after drying. Table I shows the mass
fraction of water and solids in all the tissue samples.
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TABLE I
MEASURED MASS FRACTION OF WATER CONTENT AND SOLIDS IN THE
TISSUE SAMPLES

[ Sample Code Water Content (%)  Solids (%) |
STD SO - (n=5) | 67.15 (£ 1.1) 32.85 (£ 1.1)
HMG SO 67.36 32.64
HMG S1 52.35 47.65
HMG S2 34.15 65.85
HMG S3 21.75 78.25
HMG S4 14.85 85.15
HMG S5 4.15 95.85

B. Dielectric Measurements

The measurements were performed using the commonly
used open-ended probe method over the frequency range of
500 MHz - 8.5 GHz. The measurement system consisted
of a slim-form dielectric probe from Keysight 85070E, con-
nected to Keysight E8362B vector network analyser (VNA).
The measurement system was calibrated using the standard
open/short/load calibration mechanism. The total combined
uncertainty of the system was calculated to be 2.1% and 3.4%
for the relative permittivity and the conductivity, respectively.

The two-stage genetic algorithm proposed in [20] was used
to optimise the parameters of the proposed dielectric mixture
model (6, Ae, T, 05, @, and ) using the measured dielectric
properties of tissue samples. In order to ensure that the genetic
algorithm did not converge towards local optima, bound value
ranges were applied to each parameter. The bound values were
selected in accordance with the literature [20].

RESULTS

In order to validate the proposed model, additional test
samples were prepared. Fresh liver and muscle tissue samples
from animal (bovine and ovine) were obtained. The dielectric
properties of total 8 samples (4 liver and 4 muscle sam-
ples) were measured using the same measurement system
as described in previous section. The samples were weighed
and then dried using a laboratory oven. The process was
repeated until there was no further weight reduction of the
tissue sample. Fig. 1 and 2 shows the measured and predicted
dielectric properties of bovine and ovine liver tissue samples,
respectively.

The measured data is represented by solid lines, while the
dotted lines represent the dielectric properties predicted by
the proposed model. As seen in Fig. 1 and 2, the model is
predicting well with maximum average fractional error (AFE)
of just 3.1% for relative permittivity and 3.7% for conductivity.
In order to further validate the prediction accuracy of the
proposed model for liver tissue, 20 measurements each for
bovine and ovine liver were performed on separate samples
and were compared with the dielectric properties predicted by
the proposed model. In this case, the volume fraction of water
content (i.e. 68% for liver tissue) from the literature is used.
The AFE between each pair of measured and corresponding
predicted values is separately calculated for relative permit-
tivity and conductivity over the frequency range of 500 MHz
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Fig. 1.
samples.

Measured and predicted dielectric properties of bovine liver tissue

- 8.5 GHz for all 40 measurements. Fig. 3 and 4 show the
AFE for bovine and ovine liver measurements. Each bar in
the figures represents the AFE, while the line in the middle
along the x-axis represents the overall mean value. It can be
seen that in the case of relative permittivity, the majority of
AFEs are below 4% for both bovine and ovine, with only one
sample having AFE above 6%. In the case of conductivity, the
majority of results are again well below 5%, with only one
sample above 10%. The reason for this might be the incorrect
estimation of water content. These results demonstrate that
the proposed model works well for liver tissues obtained from
different species.

However, in the case of muscle tissue, the results are
different for conductivity. Fig. 5 shows the measured and
predicted dielectric properties of bovine muscle tissues. The
AFE for relative permittivity of both samples is still less than
9%, however, for conductivity, the AFE is up to 24% for
both samples. Similar results are obtained for ovine muscle
samples, with AFE up to 20% for conductivity and less than
10% for relative permittivity.

V. DISCUSSION

The results suggest that the proposed model works well for
liver tissues, as the liver data is used to optimise the model
parameters. In the case of different muscle tissue, the model
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Fig. 2. Measured and predicted dielectric properties of ovine liver tissue
samples.

5 B Relative Permittivity

uli = Fa—

K] R

.54’ . Mean = 3.4 ] [ | |
2 -

8

Lot ]
g

o

>0

<o 5 10 15 20
5 Conductivi

215 : Yy
w
g
gs10r

B
E . Mean = 4.6

)

i

o

< o 5 10 15 20

Fig. 3. Mean average fractional error of 20 bovine liver measurements.

still performs well for relative permittivity with AFE less than
10%, but for conductivity, the model’s performance is worse
and the AFE is up to 24%. One of the reasons for the model to
not accurately predict the conductivity is the large difference
between the conductivity of liver and muscle tissues. The
difference in water content of liver and muscle tissues is about
10% but the difference in conductivity is more than 20%.
It implies that water is not the only factor influencing the
conductivity of tissue, especially at lower frequencies. Thus,
approximating pure water as the background medium is not
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Fig. 5. Measured and predicted dielectric properties of bovine liver tissue
samples.

sufficient.

The fluid bathing and permeating all tissues is not simply
water but rather a complex aqueous solution of electrolytes
[21]. Electrolyte is a term for ions that are of following two
types: cations (positively-charged ions) and anions (negatively-
charged ions). The heterogeneous structure and ionic compo-
sition inside the tissues dominate the low-frequency dielectric
behaviour of the tissues [22]. The difference in electrolyte-
combination might be the reason that the proposed model is
not able to accurately predict the conductivity, especially at
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low frequencies.

At this stage, it is possible to develop tissue specific model
that can accurately estimate the in-vivo dielectric properties.
However, in order to develop a generic model that will be
able to predict the dielectric properties of any tissue type, the
composition of electrolytes in biological tissues should also
be incorporated in the mathematical model.

The mixture model parameters obtained in this paper for
liver tissues are listed in Table II.

TABLE I
PARAMETER VALUES OF THE EMPIRICAL DIELECTRIC MIXING MODEL FOR
LIVER TISSUES.

[ Parameter | Value Range |

€00 6.26
Ae 3.03
T 0.47 ps
os 0.88
a 0.0001
Jé] 0.1

VI. CONCLUSION

This paper attempts to develop an empirical dielectric
mixture model to estimate the in-vivo dielectric properties
of biological tissues using the water content information due
to the fact that water is a major contributor to the dielectric
properties of biological materials in the microwave frequency
range.

The proposed model uses the classical dielectric mixture
theory and treats the tissue as a mixture of water and solids.
The results demonstrate that the model works well for liver
tissues obtained from different species with maximum average
fractional error (AFE) of just 3.1% and 3.7% for relative per-
mittivity and conductivity, respectively. However, for different
tissue types, the model is only able to predict the relative
permittivity with AFE of less than 9%, while for conductivity
the AFE is above 20%.

The results obtained in this paper imply that water is a major
but not the only contributor to the dielectric properties of bi-
ological tissue, especially at lower frequencies. The existence
of different electrolytes also contribute to the conductivity
of tissue. Thus, at this stage, it is possible to develop a
tissue specific model that can accurately estimate the in-vivo
dielectric properties. However, in order to develop a generic
model that will be able to predict the dielectric properties of
any tissue type, the composition of electrolytes in biological
tissues should also be incorporated in the mathematical model.
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