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Complex Dielectric Measurements and Analysis
of Brain Tissues in the Radio and
Microwave Frequencies

Jian-Zhong BaoSenior Member, IEEEShin-Tsu Lu, and William D. HurtSenior Member, IEEE

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 ‘ﬁ—w e

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.
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I. INTRODUCTION T
I

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 repoih-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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TABLE |

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

gray matter white matter
24 °C 37 °C 25 °C 37 °C
Aeq 269.7+ 2.6 309.8 £ 7.8 110.4 £ 6.6 130.3 £ 9.1
71 (ns) 5.59 £ 0.04 512+ 0.11 6.24 + 0.35 5.314 0.40
0 (0.910 £ 0.003 | 0.892 £ 0.026 | 0.840 4+ 0.005 | 0.806 £ 0.007
Aeo 50.26 £ 0.04 | 4668 £0.11 | 31.194+£0.14 | 28124+ 0.16
72 (ps) 6.74 £ 0.06 4.87+£0.12 5.20 £ 0.22 3.04+0.17
oy 0.907 £ 0.002 | 0.939 £ 0.004 | 0.732 & 0.059 | 0.760 £ 0.007
€h 5.11 £ 0.02 4.54+ 0.04 4.79 £ 0.02 4.40 £ 0.03
oo (S/m) {0.366 £ 0.002 | 0.368 £ 0.005 | 0.234 £+ 0.003 | 0.241 &+ 0.005
and 24°C for gray and at 37C and 25°C for white matter. TABLE I
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The measured data were analyzed with two empirical modeRESTFITTED PARAMETERS IN (4) FOR THE GRAY AND WHITE MATTER OF RAT
o f th included two Cole—Cole f ti 6 d BRAINS WITH THE ADOPTION OF EARLY PUBLISHED Low-FREQUENCY
ne o ese Include 0 Lole-Cole tunctions [ ] and was p,, OF A DoG BRAIN. THE CORRESPONDINGCOMPARISONS BETWEEN

utilized with the data from this paper to obtain a model for THe ExpeRIMENTAL DATA AND THEIR FITTING ARE IN FiGS. 7 AND 8

the frequencies between 45 MHz and 26.5 GHz. The other _

model contained a Havriliak—-Negami [6] and a Cole—Cole gray matter | white matter

function, and was applied to the combined data from this 24 °c | 37 °c | 25 °c | 37 °C

paper and results of [7], [8] at the frequqnues below 45 MHz A, 7703 | 9217 | 7961 | 8502

to construct a model which covers a wider frequency range

between 100 kHz and 26.5 GHz. Although the first model 7, (ns) 59.1 | 182.1 | 24.9 | 605.5

gives a better fit to the measu_red spectra in ge_neral, the se_cond o 0.300 | 0.364 | 0914 | 0.348

one simulates the complex dielectric spectra in a much wider

frequency range. ,31 3.190 | 2.297 | 5.010 2.300
Aeo 45.27 | 40.76 | 29.01 | 26.38

Il. MEASUREMENTS 7o (ps) 6.12 | 427 | 435 | 2.96

oo 0.999 | 0.997 | 0.787 | 0.817

A. Open-Ended Coaxial Probe Technique

_ _ €h 492 | 518 | 4.55 | 4.81
The open-ended coaxial probe technique has been exten-
sively employed for the dielectric measurements of materials, op (S/m) | 0.155 | 0.163 | 0.102 | 0.128

especially biological samples [9]-[13]. With this technique,

the complex dielectric spectra can be easily acquired in a

wide frequ_ency range anq in an alrr_los_t continuous form. Th&sjectric constante(= ¢ — j¢, wherej = v/=1) with [17],

technique is especially suitable for liquids. The measuremeitﬁS

for solids are much more tedious, and the main problem is to A _A

assure a good and tight contact between the open end of the ¢ = Pm = A2 (1)

coaxial probe and the sample surface [14], [15]. A very tiny Az = pm

air gap could introduce a very large error, especially to thvehere the complex coefficientd;, 4., and A3 were de-

high dielectric constant materials [16]. For soft solids such é&rmined with a calibration procedure using three reference

tissues, a good contact can be realized by applying moderateasurements: an open, a short, and standard saline. This

pressure. simple rational expression mamme point in the complex
The measured complex reflection coefficient,} contains p,, plane toone point in the complex plane. Although this

the desired information from the interface between the opeglation is based on assumptions and simplifications, using

end of a probe and the material under measurement as welstdards in the calibration procedure will compensate for

the undesired effects of the network analyzer (which was nibie measurement errors to a large extent, especially when the

calibrated), connectors, and coaxial line. With a linear modeielectric properties under investigation are close to one of the

for the interfacep,, can be converted to the complex relativstandards used for the calibration [18]. The advantage of (1)
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Fig. 2. Permittivity and conductivity spectra of gray mattewaB87 + 0.5°C, b: 24 &+ 0.5 °C; white matter at: 37 & 0.5°C, andd: 25+ 0.5°C.

TABLE I

CoMPARISON OF VALUES FROM (3) AND (4) UsING THE PARAMETERS LISTED IN TABLES | AND Il, 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 Stanps FOR NOT APPLICABLE

¢ o (S/m)

frequencies | value of | value of | experimental | value of | value of | experimental
(MHz) Eq. (3) | Eq. (& data Eq. (3) | Eq. (& data

0.1 N/A 3934 3800 N/A 0.173 0.170

1.0 N/A 1570 1250 N/A 0.231 0.210
10.0 N/A 395 366 + 14 N/A 0.427 0.365 £ 0.015
99.9 97.1 101 96.9+ 7.0 0.851 0.798 0.850 £ 0.040
901.8 54.3 54.2 5444 3.0 1.19 1.34 1.18 £ 0.10
10179.8 45.8 44 .1 45.0+ 2.0 8.83 7.93 8.67 £ 0.85
26500.0 32.2 32.6 326+£23 32.1 30.7 36.7+ 2.7
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Fig. 3. The systematic time variation of the permittivity and conductivity spectra of gray matter of one typical measurement eetupmat, b: 11
min, andc: 21 min after the probe contacted the sample surface at37.5 °C.

CoMPARISON OF VALUES FROM (3) AND (4) UsING THE PARAMETERS LISTED IN TABLES | AND |l, 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 FrRom [1] AND [7]. N/A Stanps FOR NOT APPLICABLE

TABLE IV

¢ o (S/m)

frequencies | value of | value of | experimental | value of | value of | experimental
(MHZ) Eq. (3) | Eq. (® data Eq. (3) | Eq. (&) data

0.1 N/A 2354 2680 % 720 N/A 0.135 0.135 £ 0.015
1.0 N/A 767.8 685 £+ 142 N/A 0.168 0.165 £ 0.025
10.0 N/A 183.4 186 + 23 N/A 0.256 0.255 + 0.045
99.9 56.9 56.1 56.1+5.0 0.433 0.416 0.425 4 0.042
901.8 34.9 35.0 349420 0.682 0.692 0.662 + 0.075
10179.8 28.8 28.7 283+ 1.5 4.17 4.07 4.32 £ 0.57
26500.0 23.7 23.8 237£15 13.8 14.0 1524+ 15
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Fig. 4. Comparison of permittivity and conductivity spectra of rat brain tissues between this paper (solid lines) and previously published gléaiof do
tissues by Fostest al. [20] (o and*) at body temperature. Lines and open circleso() are for gray matter and lindsand stars«) are for white matter.

TABLE V
CoMPARISON OF VALUES FROM (3) AND (4) UsING THE PARAMETERS LISTED IN TABLES | AND Il, 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 FrRom [8] AT 24.5°C. N/A STANDS FOR NOT APPLICABLE

¢ o (8/m)

frequencies | value of | value of | experimental | value of | value of | experimental
(MHz) Eq. (3) | Eq. (&) data Eq. (3) | Eq. (&) data

0.1 N/A 2816 2806 + 6 N/A 0.161 0.150 £+ 0.020
1.0 N/A 1197 923+ 3 N/A 0.202 0.177 £ 0.008
10.0 N/A 338 265+ 5 N/A 0.356 0.295 £ 0.005
99.9 88.6 94.4 888+ 8.6 0.765 0.671 0.764 + 0.034
901.8 57.0 55.4 57.0+ 3.0 1.06 1.13 1.04£0.15
10179.8 45.0 44.6 446+21 10.8 10.1 10.6 :0.8
26500.0 28.0 27.3 27T+ 22 33.0 34.9 36.1+41
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Fig. 5. Comparison between the measured de}ad their CNLS fitting (solid lines) with (3). Curvesare for gray matter at 24 0.5 °C while curves
b are for white matter at 2% 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 needéiie most to the measurements. Therefore, gray matter was
to distinguish the solutions and is much easier than that witsed to represent the cerebral cortex. Medulla oblongata was
a more complicated model. 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
Male Wistar—Kyoto rats were used as tissue donors. Thegecimens in saline has the following advantages:
were euthanized by CfQinhalation 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 o
approximately a 2-mm-thick surface layer of gray matter and 3) .
about a 6-mm-thick layer underneath a mixing region of gray ~ Petween the flat open end of the probe and the specimen
and white matter. Since the gray matter was in direct contact ~Surface if the specimen were kept in air.
with the open end of the probe and the measurement thickndgasurements at room temperature were done within 40 min,
into the specimen is about 2 mm [19], gray matter contributechd at body temperature within 60 min after the euthanasia of

B. Sample Preparation and Experimental Setup

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

12) making the temperature control easier;

avoiding any air bubbles which would possibly exist
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Fig. 6. Comparison between the measured de}aafid their CNLS fitting (solid lines) with (3) at 3% 0.5 °C. Curvesc are for gray matter and curves
b are for white matter. The best-fitted parameters are listed in Table |. The error bars stand for the standard deviations.

the rats. The whole brain tissue was kept intact, and one br#ie tissue-probe configuration and measurement locations of a
specimen was used only once at one temperature to enqui@be on the surface of a rat brain. The complex dielectric
that the measurements were on fresh tissues. A total of 12 spectra were measured at different locations on the surface of
brains were utilized in this study. The probe position and ttepecimen for gray and white matter, respectively.

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 lll. M EASUREMENT RESULTS

good and tight contact with the flat open-end of the probe. The dielectric properties of tissues in radio and microwave
The measurement system is very similar to the one which Hasquencies depend on their cellular and subcellular structures
been described in [17], [18]. Measurements were done on ted constituents. Fig. 2 exhibits the measured permittivity
surface of specimens using an HP8510B network analyzer w{h) and conductivity §) spectra of gray matter at 37C

a semirigid right-angle coaxial probe of 2.2-mm diameter arghd 24°C, and of white matter at 37C and 25°C in the
15-cm length. Frequency range from 45 MHz to 26.5 GHizequency range between 45 MHz and 26.5 Gblis defined
was swept on a logarithmic scale over 201 points in less thas ¢ = wege”, where ¢q is the permittivity in a vacuum,

1 min. The temperature was controlled by a water circulat@ndw is the angular frequency. Each of the spectra presents
and measured on the surface of tissue specimens. Fig. 1 shtwes well-separated major dispersions, which are commonly
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TABLE VI
CoMPARISON OF VALUES FROM (3) AND (4) UsING THE PARAMETERS LISTED IN TABLES | AND Il, 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 FrRom [8] AT 24.5°C. N/A STanDs FOR NOT APPLICABLE

¢ o (S/m)

frequencies | value of | value of | experimental | value of | value of | experimental
(MHz) Eq. (3) | Eq. (&) data Eq. (3) | Eq. (&) data

0.1 N/A 1365 1425 + 25 N/A 0.106 0.150 £ 0.050
1.0 N/A 540 401 £ 1 N/A 0.125 (.120
10.0 N/A 165 120+ 5 N/A 0.191 0.165 £ 0.005
99.9 51.5 56.2 51.8+£5.2 0.387 0.343 0.385 £ 0.060
901.8 36.5 35.9 3644+ 1.5 0.597 0.622 0.572 £ 0.075
10179.8 28.5 28.4 281+1.2 5.23 4.89 537+ 0.50
26500.0 21.6 21.9 21.7+£13 15.5 15.6 156+ 1.6

referred to ag3- and~-dispersion [1], although only the highthe early data considering the factors such as using different
frequency tail of the3-dispersion is covered in this frequencymeasurement techniques and tissues from different species.
range. Thes-dispersion, centered in the megahertz frequen@ne possible reason for the larger difference in our data is
range, is largely due to the occurrence of Maxwell-Wagn#rat we were using much fresher specimens. In addition, our
effects at the interface between the cell membrane and 8gectra cover a wider frequency range.

surrounding aqueous phase. Thelispersion, centered in the
gigahertz frequency range, is attributed to the relaxation of

water molecule.s in the agueous phase or bound 1o Macroy, analyze these two well-separated dispersions, we need
molecules. Besides the long tails gfdispersion, our spectra

. . . . ) at least two dispersion functions. The measured spectra were
do not show a distinct so-called-dispersion. If it existed P P

) . ' analyzed using two models with and without considering
it would be covered in our frequency range. Gray and Wh'b:’reviously published data at frequencies below 45 MHz,

matter display a distinct dielectric property in this frequency.gpactively. The adoption of early literature data in this

) : .
range, where’ ando of gray matter constantly yield a highery,oqejing extends the valid frequency range of the model. The
value than those of white matter at both body and rOOtB’arameters of models are determined by means of a complex

temperatures, respectively. The temperature dependence of{§fjinear least-squares (CNLS) fit, which simultaneously fits
spectra shows a crossing featureincreases with temperaturethe real and imaginary parts to ensure a complete fit:

at low and high frequency ranges of this spectra and decreases
in the middle, whiles 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 o . 4
different cell system [18]. + Wilen (i, P) = ec(wi)]*} )

Fig. 3 illustrates a typical time-course of the measused where N is the number of frequency points, is the exper-
and o spectra of grey matter at body temperature. Since tnﬁental datag,, is given by an empirical model [see (3) or
tissue samples were pressed against the probe, minor da > superscript- and denote the real and imaginary parts,
took place on their surface. The surface damage in turn causg ectively,W is a weighting factor, and® represents the
a change of the interfacial properties with time. The systemalig; of real parameters in the model. The bestit values of
variation with time may be resulted from the leakage of thgoge parameters are evaluated by minimizihgising the

extracellular and intercellular fluid and/or elastic deformatio[‘evenberg—Margaret algorithm [21]. The procedure of our
of the tissues around the open-end of the probe, but ’?ﬁ’fing routine can be found in [22].

due to temperature variation, which shows a different featurethe model utilized for the data solely from this paper
(Fig. 2). To minimize the influence caused by the damagecgntains two Cole—Cole functions:
measurement should be performed as quickly as possible after A
. ) ) ) i €1 Acy )
a tissue specimen is placed in good contact with the probe. ¢, (w) = ¢, + - — + - =
Fig. 4 represents the comparison between the measured L+ (wr)™ 14 (jwr2)™
spectra of this paper and previously published data of a caninkeree,, is the high-frequency limit of the dielectric constant,
brain by Fosteret al. [20] at 37 °C. Although our data Ac is the dielectric decrements of the dispersioris the re-
constantly show a larger difference for bathandc between laxation timesq are exponents, angh, is the dc conductivity.
gray and white matter, they are in reasonable agreement withe two Cole—Cole functions are for the two dispersions, and

IV. COMPLEX NONLINEAR ANALYSIS

S(B) =S (e, P) — ()]
k=1

(3)

Jweog
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Fig. 7. Comparison between the measured data from this papeplgs previously published data of canine and bovine brain tissues at°Z%.By
Surowiecet al. [8] (o and x) and the CNLS fitting (solid lines) with (4). Curves and open circleso are for gray matter and curvésand stars )
are for white matter. The best-fitted parameters are listed in Table II.

subscriptsl and2 represent the dispersions at low- and higlremall discrepancy in the imaginary part at high frequencies,
frequency ends, respectively. Since the data from this pag8f generally gives a good fit. The corresponding best-fitted
covers a very small portion of th&-dispersion, it is impossible parameters for (3) are listed in Table I.

to retrieve the entirgs-dispersion from these data alone, and Because the difference between the dielectric properties of
the parametersXe¢; and ;) obtained with the fitting do not the same organ but in different species is small [19], [23],
reflect thes-dispersion. A large part of the-dispersion was and to the best of our knowledge there is no published low-
in our measurement range so that the recovery-dispersion frequency data<{45 MHz) for rat brains at the temperatures
is relatively more reliable. Nevertheless, we suggest that the were working with, we adopted the data of canine’s gray
extracted parameters in the model should only be used in toed white matter at lower frequencies (10 MHz, 1 MHz,
frequency range where the experimental data reside. Figalkd 100 kHz) by Stoyet al. [7] at body temperature and
shows that the comparison between the measurement data @mawiec et al. [8] at room temperature. Utilizing the published
their CNLS fitting for gray and white matter at 2€ and at data as references (even from different species) at frequencies
25 °C, respectively, and Fig. 6 shows a similar comparison bélow our measurement range in the fitting can increase the
37 °C. Only half of the measured data were plotted to maleequency range of validity of the model. There are only a few
the fitting lines more visible in these two figures. Despite sonavailable published data for white and gray matter, regardless
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Fig. 8. Comparison between the measured data from this papepls previously published data of dog brain tissues by Stbwl [7] (o and %)
and the CNLS fitting (solid lines) with (4) at 37C. Curvesa and open circleso are for gray matters and curvésand stars £) are for white
matters. The best-fitted parameters are listed in Table II.

of the frequencies, temperatures, techniques, and species §2hilable room temperature data is at 24G [8], which is a

[23], [24]. The extended dispersion at the low-frequency erdilf degree higher than our gray-matter temperature and a half

was modeled with a Havriliak—-Negami rather than Cole—Cotiegree lower than our white-matter temperature. The transition

function to increase the flexibility of the model, and so (3om our measured spectra to the early published data are

becomes fairly smooth for body temperature but less smooth for room
Ag n Acy 4% temperature, which might be a partial result of the 8G

14 (Gwr)®)? 14 (Jwm)e  jweg difference between the temperatures at which the data were

wherep; is another exponent. Fig. 7 shows that the Compaﬁollected. The best-fitted parameters for the gray and white
son between the combined data and their CNLS fitting for gr&jatter in the extended frequency range are listed in Table
and white matter at room temperatures, while Fig. 8 showdla Since the combined data was applied to extract its best-
similar comparison at body temperature. Only one quarter & parameters, (4) can be regarded for generalgray and

the measured data from this paper were plotted to make tbite matter in the frequency range between 100 kHz and 26.5
fitting lines more visible. Although the quality of fit with (4) GHz. Tables Il and VI shows the comparison of calculated

to the combined data is not as good as that with (3) to thelues from (3) and (4) using the parameters listed in Tables
present data, (4) covers a wider frequency range. The clodeabd Il, respectively, with the experimental data for gray and

em(w) = e, + [
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white matter at body and room temperatures at several selected an open-ened coaxial line: Part Il—Experimental resuliSEE Trans.

frequency points. These points are around curves b of [12]
Figs. 5-8, respectively. Although, in general, (3) presentsa
better values in a smaller frequency range, both (3) and (4)
can yield reasonably close values to the measurement dat i

the experimental uncertainty are taken into account.

[14]
V. CONCLUSIONS [15]

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 Mkig)
and 26.5 GHz at body and room temperatures. This paper’'s
data have been analyzed with two Cole—Cole functions a d,]
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 sampt&l
surface. Our data and models complement a few existing data,

especially for the high frequencies above 10 GHz. 20]
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