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Abstract

Many studies show that low-frequency electromagnetic fields can produce biological
effects more obviously. Dielectric properties are not stable in biological system, which
changes with external conditions such as temperature, external electric frequency, etc.
Understanding the dielectric characteristics of bio-tissues under electromagnetic field is
very important for them. This paper introduce the frequency in the famous
Bottcher-Bordewijk model to explore the a-relaxation of permittivity in biological tissue,
it shows that the new model can meet the experiment result. The new model could lay
foundation for studying the relaxation characteristics of other materials.

1. Introduction

The dielectric property of biological tissue is one of the important electrical properties,
which vary with the internal structure, including a variety of electrolytes, macromolecules
and different kinds of cells [1]. Prodan et al. theoretically calculated the effect of
electromagnetic field on the polarization properties of the cell membrane, the results show
that the electromagnetic characteristics of the cell membrane changed with the external
field frequency [2]. Specifically, the dielectric constant of the cell membrane increased
with the increase of the external field frequency, and the permittivity of the cell membrane
is close to zero when the membrane in high frequency (>10°Hz). On the contrary, Sonja et
al. established a reliable model of cell organization, taking ion channels, proteins and
organelles and other aspects of the factors into account when blood cell under
electromagnetic fields of megahertz range. The results show that dielectric dispersion of
blood mainly due to interface polarization of the cell membrane, and the external
electromagnetic field can affect not only the characteristics of transmembrane molecules,
but also the material exchange between internal and external [3]. Permittivity ¢ is
measured in farads per meter (F/m), electric susceptibility y is dimensionless. They are
related to each other through the equation: e=gego=(1+y)er, where ¢ is the relative
permittivity of the material, and &, denote the vacuum permittivity. For the multi-phase
biological system, the dielectric property is generally expressed via the multi-phase
permittivity.

For the two-phase composite media, the famous classical mixing formulas are
Maxwell-Garnett [4] formula for most condition, and Bruggerman [5] formula for the
dilute composite media. Hanai formula is usually used for explaining higher
concentrations of the composite medium. Also, Asami put forward a shell filler equivalent
permittivity formula [6]. Bohren put forward the well-known formula for the equivalent
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permittivity of the randomly oriented ellipsoidal packing
composite [7]. Various works also revealed dispersion with a
relaxation rate of tissue permittivity, which are named
a-relaxation, f-relaxation and y-dispersion.

The dielectric properties of living tissue has its special
features, such as effective permittivity is calculated based on
theory modeling, which can greatly reduce the workload of
explore them [8-11]. Maxwell effective medium theory, MG
theory, Debye equation are multi-phase permittivity model,
among them, the most commonly used is the Debye equation
[12-15]. The real part of the permittivity can reflect the
ability of the charge stored ability under certain conditions in
Debye equation. Many researches and implementation of
resonant methods are used to study materiel at GHz or
Terahertz frequency range [16-20]. Therefore, we will
explore the effective permittivity focusing on the MHz
range. When blood exposure to electromagnetic fields, it is
very important to study the biological effects of
electromagnetic fields [21-25]. This paper established a
relative dielectric model of liver (can be seen as consisting of
blood and fat) to explore the dielectric properties at low
frequencies.

2. Theory and Method

Binary mixtures model is usually used in investigating
equivalent permittivity of mixture system for its significant in
understanding the intermolecular interactions. Many different
mixing rules such as Bottcher-Bordewijk model and Mehrotra
model, et al. have been suggested in the literature in order to

predict the permittivity of a mixture. Here is
Bottcher-Bordewijk model as follows [26]:
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In eq. 1, it involves four variables, here & denote the
permittivity of the pure components, ¢; denote the volume
fraction of each of the components. For a two-phase system,
»>=1-¢,. In order to clearly express the volume fraction, from
Eq. 1, we get
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Bottcher-Bordewijk model is a relatively simple model; it
describes the composite system of volume fraction via
weight ratio. The model calculates permittivity in two-phase
system without considers frequency. So the result of the
model could only reflect the static permittivity
characteristics of the system. In order to investigate the
relationship between permittivity and frequency, we
measured the permittivity of the rat tissue and compared the
applicability of the Bottcher-Bordewijk model via checking
theoretical volume fraction (equation. 2) [27]. The result is
shown as in table 1.

Table 1. Blood cell volume firaction of different frequency.

Frequency (Hz) 10k 100k 1M 10M
Permittivity of blood 167370 28674 2459 323
Permittivity of fat 8648 671 147 58
Permittivity of liver 82306 18899 1833 262
Theoretical volume fraction of 06239 07632 08123 0.8296

blood cell in liver

From table 1, the theoretical volume fraction of blood cell
in liver @, can be replaced by the frequency if the relationship
between the value of @, and the frequency is established. Here

we consider the relationship between the log (frequency) and
the @ . We get the relationship by fitting calculation result in

table 1.

#, = —0.0305[log( firequency)]* +0.4021log( frequency) —0.4937 (3)

From equation 2 and equation 3, we get
Eper =€, +3(eb1 4 =€ )(-0.030557 +0.40215-0.4937) (4)
iver fat 2 00 fat

Here s=log( frequency), is the function of frequency. So

we obtain relationship of the permittivity varies with the
frequency.

3. Results and Discussion

Cell structure is of a random nature with some predictable
average properties such as cell size and density. It is can be
modeled by an aggregate of randomly distributed spherical
shells in the equation model. The model can be used to
describe the system with two constituent materials. From the
equation (4) and the table 1, we can get the relationship
between the theoretical and the experiment, seen in figure 1.
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Figure 1. Theoretical and experiment result of the effective permittivity in
two-phase system.

Since the blood cells in whole blood is accounted for
40%-50% by volume, which is a high concentration of a
suspension, having dielectric characteristics similar to the
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suspension system. But the volume fraction is more than 0.6,
which is shown in table 1. Mainly reason for this phenomenon
is that the permittivity of bio-tissue in high frequency is
dominated by its water content. When regarding to the theory
of strong ball dispersion, derivation of the equivalent
permittivity, blood cell is wrapped in an insulating shell as
conductive balls dispersed in the plasma. Except Debye model
and the Bottcher-Bordewijk model mentioned before, many
other mathematical models are established for exploring the
permittivity of the material systems. All theoretical models
can be deal with as this method and get the similar results.
Such as Maxwell-Wagner model, here we introduce the
Maxwell-Wagner equation for the multi-system: Maxwell
calculated dielectric constant of the composite media in the
electrostatic field. With the in-depth study of the dielectric of
the composite material, researchers are constantly looking for
ways to model accurately the relationship between the various
components of the composite material.

Blood plasma contains large dielectric because its
conductivity is much larger than pure blood cells. Because of
the effect from the proteins in cell membrane, the fatty acids,
other macromolecules, and the intracellular, blood can be
mixed as a suspension system, here we consider without the
interaction between different kinds of cells. When the
dynamic electric field further considered, Wagner put out the
dielectric constant model for complex biological tissue, which
can be regarded as a small ball distributed in the continuum,
the theory is often called W-M model:
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The relationship between the equivalent permittivity of
plasma and the blood cells also can be expressed as:
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Where & is the multi-phase permittivity of blood, 81* is the

permittivity of plasma, é’; is permittivity for whole blood, f

is hematocrit values of blood cell in the system. On both sides
of the relationship, cubic equation can be expressed by
multi-phase model as follows, which is suitable for two-phase
composite model system:
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And the famous Skipetrov equation is as follows [28]:
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This model has been derived based on the assumption that
f here is much smaller than unity, and that either correlation

length or the particle diameter, is well below the wavelength
of electromagnetic waves used. The Skipetrov equation is
original and more transparent than others and is assumed to
give more correct results under tough situations. All These
mathematical expressions are more complex and can derive
directly the dielectric constant with the frequency.

4. Conclusions

From the Bottcher-Bordewijk model and the frequency
perspective, we build multi-phase model of biological tissue
based on its identical function as a composite part of the
dielectric material is processed in the same phase and each
phase as a unified system. The new model of biological
permittivity model study the dielectric a-relaxation of the
bio-tissue, which can help us to simplify complex biological
constitution, so the dielectric characteristic of bio-tissue can
meet the new formula.
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