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Abstract—We presentin-vitro complex dielectric measurements
of gray and white matter of rat brains in the frequency range
between 45 MHz and 26.5 GHz at body and room temper-
atures using the open-ended coaxial probe technique with an
HP8510B network analyzer. The measurement data exhibited
two separated dispersions, and were analyzed by means of a
complex nonlinear least-squares technique. We suggest two em-
pirical models to describe the experimental data: one containing
two Cole–Cole functions was applied to the data from this
paper, and another including one Havriliak–Negami and one
Cole–Cole function was utilized to a combination of past and
present literature data in a wider frequency range from 100 kHz
to 26.5 GHz. The adoption of previously published data at the
frequencies below 45 MHz increases the valid frequency range
of the model.

Index Terms—Brain tissues, complex dielectric constant, com-
plex nonlinear modeling, open-ended coaxial probe technique,
radio and microwave frequencies.

I. INTRODUCTION

T HE lack of sufficient data at super-high frequencies and
accurate models in a wide frequency range for complex

dielectric properties of tissues has presented an obstacle for
both theoretical and experimental studies of electromagnetic
energy deposition in human or animal bodies. Most of the early
studies were at a few discrete frequency bands or scattered
frequency points, and in frequencies below 5 GHz. There are
also very few published data above 10 GHz, and virtually no
model covers a wide frequency range [1]–[3]. It is important
to establish a reliable database and empirical models for each
organ in a wide frequency range for studies of the interaction
between electromagnetic wave and biological bodies [4], es-
pecially for pulse situations. The dielectric information is also
of importance for clinical applications [5].

In this paper, we reportin-vitro complex dielectric measure-
ments of gray and white matter from rat brains in the frequency
range between 45 MHz and 26.5 GHz using the open-ended
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Fig. 1. Tissue and probe configuration and measurement locations on the
surface of a rat brain. The circles indicate the locations on the (a) cerebral
cortex for gray matter and on the (b) medulla oblongata for white matter
measurements.

coaxial probe technique with a computer-controlled HP8510B
network analyzer and the complex nonlinear modeling of ex-
perimental data. The measurements were performed at 37C
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TABLE I
BEST-FITTED PARAMETERS IN (3) FOR THE GRAY AND WHITE MATTER

OF RAT BRAINS AT ROOM AND BODY TEMPERATURES. THE CORRESPONDINGCOMPARISONS

BETWEEN THE EXPERIMENTAL DATA AND THEIR FITTING ARE IN FIGS. 5 AND 6

and 24 C for gray and at 37C and 25 C for white matter.
The measured data were analyzed with two empirical models.
One of these included two Cole–Cole functions [6] and was
utilized with the data from this paper to obtain a model for
the frequencies between 45 MHz and 26.5 GHz. The other
model contained a Havriliak–Negami [6] and a Cole–Cole
function, and was applied to the combined data from this
paper and results of [7], [8] at the frequencies below 45 MHz
to construct a model which covers a wider frequency range
between 100 kHz and 26.5 GHz. Although the first model
gives a better fit to the measured spectra in general, the second
one simulates the complex dielectric spectra in a much wider
frequency range.

II. M EASUREMENTS

A. Open-Ended Coaxial Probe Technique

The open-ended coaxial probe technique has been exten-
sively employed for the dielectric measurements of materials,
especially biological samples [9]–[13]. With this technique,
the complex dielectric spectra can be easily acquired in a
wide frequency range and in an almost continuous form. The
technique is especially suitable for liquids. The measurements
for solids are much more tedious, and the main problem is to
assure a good and tight contact between the open end of the
coaxial probe and the sample surface [14], [15]. A very tiny
air gap could introduce a very large error, especially to the
high dielectric constant materials [16]. For soft solids such as
tissues, a good contact can be realized by applying moderate
pressure.

The measured complex reflection coefficient () contains
the desired information from the interface between the open
end of a probe and the material under measurement as well as
the undesired effects of the network analyzer (which was not
calibrated), connectors, and coaxial line. With a linear model
for the interface, can be converted to the complex relative

TABLE II
BEST-FITTED PARAMETERS IN (4) FOR THE GRAY AND WHITE MATTER OF RAT

BRAINS WITH THE ADOPTION OF EARLY PUBLISHED LOW-FREQUENCY

DATA OF A DOG BRAIN. THE CORRESPONDINGCOMPARISONSBETWEEN

THE EXPERIMENTAL DATA AND THEIR FITTING ARE IN FIGS. 7 AND 8

dielectric constant ( , where ) with [17],
[18]

(1)

where the complex coefficients , , and were de-
termined with a calibration procedure using three reference
measurements: an open, a short, and standard saline. This
simple rational expression mapsone point in the complex

plane toonepoint in the complex plane. Although this
relation is based on assumptions and simplifications, using
standards in the calibration procedure will compensate for
the measurement errors to a large extent, especially when the
dielectric properties under investigation are close to one of the
standards used for the calibration [18]. The advantage of (1)
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Fig. 2. Permittivity and conductivity spectra of gray matter ata: 37� 0.5 �C, b: 24� 0.5 �C; white matter atc: 37� 0.5 �C, andd: 25� 0.5 �C.

TABLE III
COMPARISON OF VALUES FROM (3) AND (4) USING THE PARAMETERS LISTED IN TABLES I AND II, RESPECTIVELY, WITH THE

EXPERIMENTAL DATA FOR GRAY MATTER AT 37 �C AT SOME SELECTED FREQUENCY POINTS. THESE POINTS ARE IN CURVES a OF FIGS.
6 AND 8. THE EXPERIMENTAL DATA AT 0.1, 1, AND 10 MHz ARE FROM [1] AND [7]. N/A STANDS FOR NOT APPLICABLE
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Fig. 3. The systematic time variation of the permittivity and conductivity spectra of gray matter of one typical measurement setup ata: 1 min, b: 11
min, and c: 21 min after the probe contacted the sample surface at 37� 0.5 �C.

TABLE IV
COMPARISON OFVALUES FROM (3) AND (4) USING THE PARAMETERS LISTED IN TABLES I AND II, RESPECTIVELY, WITH THE EXPERIMENTAL

DATA FOR WHITE MATTER AT 37 �C AT SOME SELECTED FREQUENCY POINTS. THESE POINTS ARE IN CURVES b OF FIGS.
6 AND 8. THE EXPERIMENTAL DATA AT 0.1, 1,AND 10 MHz ARE FROM [1] AND [7]. N/A STANDS FOR NOT APPLICABLE
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Fig. 4. Comparison of permittivity and conductivity spectra of rat brain tissues between this paper (solid lines) and previously published data of dog brain
tissues by Fosteret al. [20] (� and�) at body temperature. Linesa and open circles (�) are for gray matter and linesb and stars (�) are for white matter.

TABLE V
COMPARISON OFVALUES FROM (3) AND (4) USING THE PARAMETERS LISTED IN TABLES I AND II, RESPECTIVELY, WITH THE EXPERIMENTAL

DATA FOR GRAY MATTER AT 24 �C AT SOME SELECTED FREQUENCY POINTS. THESE POINTS ARE IN CURVES a OF FIGS. 5
AND 7. THE EXPERIMENTAL DATA AT 0.1, 1,AND 10 MHz ARE FROM [8] AT 24.5 �C. N/A STANDS FOR NOT APPLICABLE
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Fig. 5. Comparison between the measured data (�) and their CNLS fitting (solid lines) with (3). Curvesa are for gray matter at 24� 0.5 �C while curves
b are for white matter at 25� 0.5 �C. The best-fitted parameters are listed in Table I. The error bars stand for the standard deviations.

is that its inversion is unique so that no efforts were needed
to distinguish the solutions and is much easier than that with
a more complicated model.

B. Sample Preparation and Experimental Setup

Male Wistar–Kyoto rats were used as tissue donors. They
were euthanized by COinhalation until the time of death.
The brain and approximately 5 mm of the spinal cord were
dissected free of skull and dura matter of the meninges in
less than 10 min after death. The cerebral cortex consists of
approximately a 2-mm-thick surface layer of gray matter and
about a 6-mm-thick layer underneath a mixing region of gray
and white matter. Since the gray matter was in direct contact
with the open end of the probe and the measurement thickness
into the specimen is about 2 mm [19], gray matter contributed

the most to the measurements. Therefore, gray matter was
used to represent the cerebral cortex. Medulla oblongata was
constituted nearly solely by white matter and used to signify
the white matter. Its thickness is about 7 mm. The specimens
were washed with and immersed in 0.9% saline during the
temperature adjusting process and measurements. Keeping the
specimens in saline has the following advantages:

1) maintaining the tissues in a more physiologically
friendly environment than in air;

2) making the temperature control easier;
3) avoiding any air bubbles which would possibly exist

between the flat open end of the probe and the specimen
surface if the specimen were kept in air.

Measurements at room temperature were done within 40 min,
and at body temperature within 60 min after the euthanasia of
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Fig. 6. Comparison between the measured data (�) and their CNLS fitting (solid lines) with (3) at 37� 0.5 �C. Curvesa are for gray matter and curves
b are for white matter. The best-fitted parameters are listed in Table I. The error bars stand for the standard deviations.

the rats. The whole brain tissue was kept intact, and one brain
specimen was used only once at one temperature to ensure
that the measurements were on fresh tissues. A total of 12 rat
brains were utilized in this study. The probe position and the
geometry of the sample container were kept the same during
the saline reference and the tissue measurements to minimize
environmental influences. The surface of specimens was in
good and tight contact with the flat open-end of the probe.
The measurement system is very similar to the one which has
been described in [17], [18]. Measurements were done on the
surface of specimens using an HP8510B network analyzer with
a semirigid right-angle coaxial probe of 2.2-mm diameter and
15-cm length. Frequency range from 45 MHz to 26.5 GHz
was swept on a logarithmic scale over 201 points in less than
1 min. The temperature was controlled by a water circulator,
and measured on the surface of tissue specimens. Fig. 1 shows

the tissue-probe configuration and measurement locations of a
probe on the surface of a rat brain. The complex dielectric
spectra were measured at different locations on the surface of
specimen for gray and white matter, respectively.

III. M EASUREMENT RESULTS

The dielectric properties of tissues in radio and microwave
frequencies depend on their cellular and subcellular structures
and constituents. Fig. 2 exhibits the measured permittivity
( ) and conductivity ( ) spectra of gray matter at 37C
and 24 C, and of white matter at 37C and 25 C in the
frequency range between 45 MHz and 26.5 GHz.is defined
as , where is the permittivity in a vacuum,
and is the angular frequency. Each of the spectra presents
two well-separated major dispersions, which are commonly
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TABLE VI
COMPARISON OFVALUES FROM (3) AND (4) USING THE PARAMETERS LISTED IN TABLES I AND II, RESPECTIVELY, WITH THE EXPERIMENTAL

DATA FOR WHITE MATTER AT 25 �C AT SOME SELECTED FREQUENCY POINTS. THESE POINTS ARE IN CURVES b OF FIGS. 5
AND 7. THE EXPERIMENTAL DATA AT 0.1, 1,AND 10 MHz ARE FROM [8] AT 24.5 �C. N/A STANDS FOR NOT APPLICABLE

referred to as - and -dispersion [1], although only the high
frequency tail of the -dispersion is covered in this frequency
range. The -dispersion, centered in the megahertz frequency
range, is largely due to the occurrence of Maxwell–Wagner
effects at the interface between the cell membrane and the
surrounding aqueous phase. The-dispersion, centered in the
gigahertz frequency range, is attributed to the relaxation of
water molecules in the aqueous phase or bound to macro-
molecules. Besides the long tails of-dispersion, our spectra
do not show a distinct so-called -dispersion. If it existed,
it would be covered in our frequency range. Gray and white
matter display a distinct dielectric property in this frequency
range, where and of gray matter constantly yield a higher
value than those of white matter at both body and room
temperatures, respectively. The temperature dependence of the
spectra shows a crossing feature:increases with temperature
at low and high frequency ranges of this spectra and decreases
in the middle, while increases with temperature in the low
frequency range and decreases in the high frequency range.
This feature is consistent with an earlier observation in a
different cell system [18].

Fig. 3 illustrates a typical time-course of the measured
and spectra of grey matter at body temperature. Since the
tissue samples were pressed against the probe, minor damage
took place on their surface. The surface damage in turn caused
a change of the interfacial properties with time. The systematic
variation with time may be resulted from the leakage of the
extracellular and intercellular fluid and/or elastic deformation
of the tissues around the open-end of the probe, but not
due to temperature variation, which shows a different feature
(Fig. 2). To minimize the influence caused by the damage, a
measurement should be performed as quickly as possible after
a tissue specimen is placed in good contact with the probe.

Fig. 4 represents the comparison between the measured
spectra of this paper and previously published data of a canine
brain by Fosteret al. [20] at 37 C. Although our data
constantly show a larger difference for bothand between
gray and white matter, they are in reasonable agreement with

the early data considering the factors such as using different
measurement techniques and tissues from different species.
One possible reason for the larger difference in our data is
that we were using much fresher specimens. In addition, our
spectra cover a wider frequency range.

IV. COMPLEX NONLINEAR ANALYSIS

To analyze these two well-separated dispersions, we need
at least two dispersion functions. The measured spectra were
analyzed using two models with and without considering
previously published data at frequencies below 45 MHz,
respectively. The adoption of early literature data in this
modeling extends the valid frequency range of the model. The
parameters of models are determined by means of a complex
nonlinear least-squares (CNLS) fit, which simultaneously fits
the real and imaginary parts to ensure a complete fit:

(2)

where is the number of frequency points, is the exper-
imental data, is given by an empirical model [see (3) or
(4)], superscript and denote the real and imaginary parts,
respectively, is a weighting factor, and represents the
set of real parameters in the model. The best-fit values of
these parameters are evaluated by minimizingusing the
Levenberg–Margaret algorithm [21]. The procedure of our
fitting routine can be found in [22].

The model utilized for the data solely from this paper
contains two Cole–Cole functions:

(3)

where is the high-frequency limit of the dielectric constant,
is the dielectric decrements of the dispersion,is the re-

laxation times, are exponents, and is the dc conductivity.
The two Cole–Cole functions are for the two dispersions, and
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Fig. 7. Comparison between the measured data from this paper (�) plus previously published data of canine and bovine brain tissues at 24.5�C by
Surowiecet al. [8] (� and �) and the CNLS fitting (solid lines) with (4). Curvesa and open circles (�) are for gray matter and curvesb and stars (�)
are for white matter. The best-fitted parameters are listed in Table II.

subscripts and represent the dispersions at low- and high-
frequency ends, respectively. Since the data from this paper
covers a very small portion of the-dispersion, it is impossible
to retrieve the entire -dispersion from these data alone, and
the parameters ( and ) obtained with the fitting do not
reflect the -dispersion. A large part of the-dispersion was
in our measurement range so that the recovery of-dispersion
is relatively more reliable. Nevertheless, we suggest that the
extracted parameters in the model should only be used in the
frequency range where the experimental data reside. Fig. 5
shows that the comparison between the measurement data and
their CNLS fitting for gray and white matter at 24C and at
25 C, respectively, and Fig. 6 shows a similar comparison at
37 C. Only half of the measured data were plotted to make
the fitting lines more visible in these two figures. Despite some

small discrepancy in the imaginary part at high frequencies,
(3) generally gives a good fit. The corresponding best-fitted
parameters for (3) are listed in Table I.

Because the difference between the dielectric properties of
the same organ but in different species is small [19], [23],
and to the best of our knowledge there is no published low-
frequency data (45 MHz) for rat brains at the temperatures
we were working with, we adopted the data of canine’s gray
and white matter at lower frequencies (10 MHz, 1 MHz,
and 100 kHz) by Stoyet al. [7] at body temperature and
Surowiec et al. [8] at room temperature. Utilizing the published
data as references (even from different species) at frequencies
below our measurement range in the fitting can increase the
frequency range of validity of the model. There are only a few
available published data for white and gray matter, regardless
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Fig. 8. Comparison between the measured data from this paper (�) plus previously published data of dog brain tissues by Stoyet al. [7] (� and �)
and the CNLS fitting (solid lines) with (4) at 37�C. Curvesa and open circles (�) are for gray matters and curvesb and stars (�) are for white
matters. The best-fitted parameters are listed in Table II.

of the frequencies, temperatures, techniques, and species [2],
[23], [24]. The extended dispersion at the low-frequency end
was modeled with a Havriliak–Negami rather than Cole–Cole
function to increase the flexibility of the model, and so (3)
becomes

(4)

where is another exponent. Fig. 7 shows that the compari-
son between the combined data and their CNLS fitting for gray
and white matter at room temperatures, while Fig. 8 shows a
similar comparison at body temperature. Only one quarter of
the measured data from this paper were plotted to make the
fitting lines more visible. Although the quality of fit with (4)
to the combined data is not as good as that with (3) to the
present data, (4) covers a wider frequency range. The closest

available room temperature data is at 24.5C [8], which is a
half degree higher than our gray-matter temperature and a half
degree lower than our white-matter temperature. The transition
from our measured spectra to the early published data are
fairly smooth for body temperature but less smooth for room
temperature, which might be a partial result of the 0.5C
difference between the temperatures at which the data were
collected. The best-fitted parameters for the gray and white
matter in the extended frequency range are listed in Table
II. Since the combined data was applied to extract its best-
fit parameters, (4) can be regarded for thegeneralgray and
white matter in the frequency range between 100 kHz and 26.5
GHz. Tables III and VI shows the comparison of calculated
values from (3) and (4) using the parameters listed in Tables
I and II, respectively, with the experimental data for gray and
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white matter at body and room temperatures at several selected
frequency points. These points are around curvesor of
Figs. 5–8, respectively. Although, in general, (3) presents a
better values in a smaller frequency range, both (3) and (4)
can yield reasonably close values to the measurement data if
the experimental uncertainty are taken into account.

V. CONCLUSIONS

The complex dielectric spectra of gray and white matter of
rat brains have been measured with the open-ended coaxial-
probe technique in the frequency range between 45 MHz
and 26.5 GHz at body and room temperatures. This paper’s
data have been analyzed with two Cole–Cole functions and
a combination of early and current literature data has been
analyzed with one Havriliak–Negami and one Cole–Cole
function using CNLS technique in a frequency range from
100 kHz to 26.5 GHz. Furthermore, we explicitly show the
time variation of the spectra due to the damage of the sample
surface. Our data and models complement a few existing data,
especially for the high frequencies above 10 GHz.
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