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Fig. 14. Power density on the half cross section of finline. The power is concentrated on the slot. The InSb thickness is 2 X1 pm,
finline isolator dy = 0.2b, d, = 0.8, f =36 GHz, B, = 0.87. This is the forward case. (b) Power density on the half cross section of
finline. The power is concentrated on the semiconductor. The parameters are given in Fig. 14(a). This is the backward case.
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Biological Tissues Characterization at Microwave
Frequencies
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Abstract —The present work is concerned with the measurement of
dielectric permittivity and conductivity of various high loss tissues from
freshly sacrificed animals. The measurement makes use of the ‘infinite
sample’ technique which involves mounting of the sample in a rectangular
waveguide system excited in the TE 4, mode at 9.4 GHz. A more complex
system consisting of skin-fat-muscle combination is also studied. An
evaluation of relaxation times is made in all the cases. It is hoped that these
data will be relevant in further quantifying the available results in this
frequency range.
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I. INTRODUCTION

Biological effects of microwave radiation have been the focus
of various research efforts in the last decade. Key to this is the
determination of the complex permittivity (¢’ and €¢”’) of biologi-
cal tissues. Although in vivo methods have been attempted in the
recent past [1], no data are available on dielectric measurements
of tissues like stomach, intestine, and heart in the gigahertz
frequency range, though some measurements for kidney and liver
have been recently reported [2]. In an effort to bridge this gap, a
detailed survey has been undertaken of almost all the available
biological tissues. The chosen method would have to be one
which could be uniformly adopted for all such tissues and at the
same time be fairly quick and simple. This would allow measure-
ments on fresh tissues, thus ensuring essential sample configura-
tion. Dictated by these factors, the ‘infinite sample’ technique
was adopted for the measurement of dielectric parameters of
high-loss tissues at microwave frequencies.

In order to compare our measurements with those of other
techniques [2], we have included some of the tissues like muscle,
spleen, and liver, and also the muscle phantom tissue for which
fairly reliable data are available [3]. Besides these, tissues like
intestine, stomach, spleen, heart, and a more complex system
consisting of a skin, fat, and muscle combination were also
studied. The measurements were performed at 9.4 GHz. The
frequency was chosen to be in the gigahertz range in view of the
possibility of the use of high-frequency electrical energy as an
effective method of selectively heating local masses of tissues,
while the surface heating of tumors has also been proposed [4].

II. THEORETICAL BACKGROUND OF THE ‘INFINITE
SAMPLE’ TECHNIQUE [5]

When a physically reasonable length of the sample dissipates a
sufficiently large portion of the microwave energy entering the
sample so that no energy is reflected to the input terminal, the
sample may be considered to be of ‘infinite length’. Thus, making
use of the “infinite sample’ technique, the measurement requires
the determination of essentially only the normalized input imped-
ance at the sample face. The dielectric permittivity and the loss
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tangent can be computed using (1) below. For guides with
propagating H(TE) modes (such as TE,,, the dominant mode in
rectangular waveguide), the expression for e* is
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III. METHODS AND MATERIALS

Measurements were performed at 9.4 GHz on tissues from
freshly sacrificed rats. The animals were sacrificed by an overdose
of anaesthesia (sodium nembutal solution). Each time a fresh
animal was sacrificed, the measurements were taken immediately
after. Twenty observations were taken for each tissue.

Measurement of Dielectric Parameters

The method involves mounting of the sample in a rectangular
waveguide excited in the TE;, mode. The basic equipment for
this measurement is shown in Fig. 1. The slotted line was
terminated with a short circuit at a definite plane and the
position of the minimum Dy in the slotted line was noted down.
The short circuit was replaced with the line containing the
sample. The face of the sample nearest the slotted line was made
to coincide with the terminal plane exactly at which a short
circuit was accurately placed. No change in D and r with
increasing sample thickness, indicated that the sample was long
enough to be considered infinitely long. The values of r and shift
in minima position (D — Dg) were noted down for this case. The
dielectric constant, conductivity, and the loss tangent of various
tissues and a three-layer system consisting of skin, fat, and
muscle combination with skin facing the incident beam, were
computed using (1) above.

IV. RESULTS AND DISCUSSION

The relative dielectric constant and the loss tangent of various
tissues is presented in Table I. The technique was checked by
making measurements on muscle phantom material and compar-
ing them with values obtained by others. Our averaged measured
parameters for this turns out to be ¢ = 40.1, loss factor, tand =
0.51, and conductivity ¢ =10.6 mho/m, in fair agreement with
reported results [6]. The dielectric parameters for muscle, liver,
spleen, and kidney as obtained here are also in good agreement
with the reported values [2], [7].

It is evident from the data obtained here that the values of ¢’
for most of the tissues lie in the same range, though the ones for
stomach and intestine are slightly higher. This may be attributed
to the higher ionic content of these tissues, as minute concentra-
tions of an electrolyte usually impart considerable conductivity,
to the liquid medium [8].

The characteristic frequency ( f < f,) can be estimated from the
relation [9]
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Fig. 1. Schematic diagram of setup for infinite sample technique.

where ¢, is the free-space permittivity, (o — 0,) is the conductiv-
ity increase, and (€, — €, ) is the permittivity decrease due to this
dispersion, from much below and much above the relaxation
frequency, respectively. Table I gives the relaxation frequency for
various tissues, which is seen to be close to that of water at room
temperature, thus characterizing the rotational mobility of the
tissue water. Taking o, and o to be, respectively, tissue conduc-
tivities at 0.1 GHz [7] and 9.4 GHz, and using the known
dielectric properties of water [10], we estimate the volume frac-
tion of tissue water, which is found to be in agreement with the
water content of different tissues [11].

Assuming that the tissue is electrically equivalent (at frequen-
cies above 1 GHz), to a suspension of low permittivity noncon-
ducting spheres in water, the volume fraction p of nonconduct-
ing spheres can be estimated using Maxwell’s theory [7], using the
relations

€

o _ (1P ) 3

€ water

Figs. 2 and 3 show the variation of €’ and o with solid content
of tissue where it can be seen that the values of real dielectric
constant and the conductivity decrease with the increase of total
solid content of the tissue.

V. CONCLUSION

It is apparent that the behavior of the molecules under physio-
logical conditions would be determined by various factors, in-
cluding the state of the molecule and its immediate environment
[12]. From what was said about the data on dielectric parameters
and relaxation frequencies of water and various tissues, it is
evident that the dielectric behavior of tissues at microwave fre-
quencies is mainly influenced by the water content of the tissues.
We find that the relaxation frequency of most of the tissues
(22-24 GHz) under consideration are close to that of bulk water
(25 GHz). The divergence being attributed to the tissue solid
content.
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TABLEI
MEASURED RAT-TISSUE CHARACTERISTICS AT 9.4 GHz
Tissue Permittivity Loss Conductivity Relaxation
(other workers Tangent mho/m (other Frequency
27 workers [2] )% GHz
S tomach 62.10 + 0.89 0.41 14,5 + B.91 22,7
Intes tine 61.9 + 2.69 0,45 14.5 & 1.31 22.7
Muscle 40.4 + 0.52 0.53 11,2 + 0.38 23.6
(40 -~ 42)+ (8.3)*
Spleen 40,5 + 0.32 0.50 10.4 + 0.26 24 .8
(36 - 40)*
Kidney 39.7 + 0.54 0.47 9,88 + 0.35 23,7
(42 ~ 43)* (3~ 4 )+
Heart 39,60 + 1.2 0.47 9,76 + 0.25 24.6
Liver 34.0 + 0,53 0.47 8.25 + 0.13 24,1
(34 - 38)+ (5.8 - 7T)*
Skin-Pat-Muscle 13.7 + 2.27 0.27 2.40 £ 0.10 33.3
Measurements for each type of tissue were made on samples taken from 20 rats. Standard errors are given for permittivity
and conductivity measurements.
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