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The complex permittivity £* has been measured non-invasively in the cornea of two types of
animal eyes and in erythrocyte suspensions in the frequency domain 1...18,000 MHz. These
measurements shall help to distinguish between eye diseases in a very early stage and to track the
possible effect of “microthermics”, respectively. The analysis of the miniaturised probe used for the
reflection method and the experimental set-up with its automatic scanning facility are presened.

Introduction

The use of information from both the frequency and
temperature dependence of the complex permittivity
is not new: Early models have been proposed about
1930 [1, 2], experimental work began to yield reliable
data about 1940 [3, 4]. Although magnetic and dielec-
tric relaxation processes could be compared in polar
liquids as early as 1965 [5], the breakthrough of inter-
est in this method in the field of biophysics occurred
with the need for dielectric data of different types of
human tissues and organs to have a broad base for
hyperthermia planning to aim at cytostatic effects in
tumour treatment [6]. Naturally, for in vivo experi-
ments these data must be acquired by using non-inva-
sive methods. In contrast to methods where resonant
cavities are utilised to measure the real part ¢ of the
complex permittivity ¢* from the detuning and the
imaginary part ¢” from the resonance broadening, the
reflection method can be used to give reliable results
via the standing wave pattern between the transmitter
and the reflecting plane, i.e. the surface of dielec-
tric under test, in the frequency domain between
1...10,000 MHz.

If either small amounts of tissue are available or if
the organ under test has tiny dimensions, the probe
diameter has to be extremely small to make sure that
at least 98 ...99% of the electric field energy is con-
centrated in the volume of interest. This demand had
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to be fulfilled, as we plan measurements of the dielec-
tric behaviour of the human eye’s cornea in the frame
of a cooperation with the Department of Ophthalmo-
logics of the University of Tiibingen. There is one
more reason for miniaturised probes. In the field of
biophysics, the interest in possible non-thermal inter-
actions between systems on the cellular level and elec-
tromagnetic oscillations is of high actuality. The ques-
tion behind is the following: Although the moderate
electric field density at frequencies far below the criti-
cal frequency of 18,000 MHz (where &” of water reaches
its maximum value) should result in temperature rises
below 10~ ¢ deg/s, the strong electric dipole moments
inherent to the head groups of the phospholipids
forming the cell membrane could possibly cause tem-
perature gradients in the vicinity of the cells and/or
over the membranes itself. We are interested in inves-
tigating these “microthermal” effects in the frame of a
project “Interactions of High Frequency Electromag-
netic Fields with Biological Matter”, sponsored by the
Bundesamt fiir Strahlenschutz.

Four of these probes using the reflection method —
one described here — have been tested for non-invasive
measurements on animal eyes and on erythrocyte sus-
pensions in the frequency domain 1...1,000 MHz;
the data presented here in the domain 2,000 ... 18,000
MHz have been taken at the Munich site of the Bun-
desamt fiir Strahlenschutz. Naturally, to get highest
accuracy at the low frequency limit of the real part of
¢*, data must be taken in the 0.1...1.0 MHz region;
the experimental set-up to yield these results is under
construction.

0932-0784 /94 / 1200-1165 $ 06.00 © — Verlag der Zeitschrift fiir Naturforschung, D-72027 Tiibingen

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fiir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fir Naturforschung in cooperation with the Max Planck Society for the

00

) Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht: Advancement of Science under a Creative Commons Attribution-NoDerivs
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland 3.0 Germany License.
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



1166

S. Kohlsmann et al. - Acquisition of Dielectric Data in Living Systems

Computer Transmitter
IEEE Bus
Isys / 386 DX 40 Schomandl / MS 1000
power splittejL directi l [
irectional coupler
a) IEEE Bus A // \\ 4
Vector Analyzer 4 l 4 N v h
reference
——
Rohde & Schwarz / ZPV signal
50 mm
0D. = 25 mm
b) —+ I.D. = 08 mm
polymethylacrylate (cast)

N - type connector

polytetrafluorethylene

(male)

Fig. 1. a) Block scheme for admittance measurements in the frequency range 1 ... 1000 MHz. b) Tapered open ended coxial

line.

Method

Under the assumption of an infinite sample termi-
nating an open ended coaxial line, the terminating
complex impedance ZF is governing the standing
wave pattern along with the real resistance Z,, of the
line. Calibration of the whole propagation behaviour
using the distinctive values Z¥ =Z, and Z¥ =0 allows
for the calculation of both the resistance R, and the
reactance X, of the quantity Z¥ = R, + j X, from the
standing wave ratio and the shift of the standing wave
minimum. At a given site z =/ between transmitter
and measuring plane z = 0 we find in this signal chan-
nel the transformed impedance

Z*+jZ,tan(2n I/)

Zxh=2Z
<0 ©Zo+jZ*tan(2m l/A)

for a coaxial line assumed to be lossless. This value has
to be compared to the value Z*(I') in a reference
channel with termination Z, (see Figure 1). This is

done automatically when scanning the frequency us-
ing a transmitter and a vector analyser both triggered
by a common computer that is as well responsible for
the correct transform given above. We choose the pre-
sentation in terms of conductance G and susceptance
B of the complex admittance Y* = G + j B instead of
Z* =1/Y*, as the dielectric behaviour ¢* = ¢’ — j¢” can
be expressed in a much more convenient form, then.
Since the early 80’s this technique is well under-
stood both experimentally [7, 8] and theoretically [9,
10], and many interesting results have been published
since [11, 12]. In the case of the reflection method
instead of resonant studies, the terminating complex
impedance is represented by a capacitance C, partly
filled with the dielectric, consisting of the fringe part
C; thought inside the line and the part C, outside the
open-ended line to be loaded with the substance;

C=Ci+(e€—je")Cy,
Y*=we"Co+jo(e Co+ Cy). 1)

Probe
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Fig. 2. a) Maximum charge density vs. radius of the coaxial
probe. b) Normalized energy density vs. relative sample
thickness.

The disadvantage of this method consists in the need
to calibrate with two dielectrics with well known be-
haviour &*(w) the two parameters C; and C,. In
anticipation of our results as given in Fig. 3, we found
from a calibration with bidistilled water and dry air
the values C; = 2.056 pF and C,= 0.022 pF, respec-
tively, for the miniaturized probe of 2.5 mm outer di-
ameter and 0.8 mm inner diameter (having Z,= 50 Q
when filled with polymethylacrylate).

To be able to judge the stringent condition of “in-
finite sample”, we calculated the dependence of the
electric field energy W (r, z) based on the electric field

1167

components E,(r, z), E.(r,z) as following from the
charge distributions on the top of the inner and outer
conductor endplates (see Figure 2). The integration
over r can easily be done numerically, as E*(r, z)
= E2(r,z) + E2(r, z) is falling off rapidly for values
r > R. So we are left with the influence of finite thick-
ness D of the sample in z-direction. The normalised
quantity

?Ez(z) dz

f0) = T——
| E*(2)dz
0

is a criterion for the “filling factor” of the parameter
capacitance C,: If we choose f to be 0.99, which corre-
sponds to a limiting relative accuracy of +1% in the
resulting values of ¢’ nd ¢”, the thickness of our sample
has to be D =~ 0.7 R at least. In the case of measure-
ments on animal eyes we have to think in the reverse
direction, yielding a probe radius of R = 1.4 mm for a
given cornea thickness of D = 1.0 mm. The value of
C,, by the way, can be calculated from the limiting

value of the integral, | E*(r, z)r dr dz. We come close
0

to the measured value, which proves not so much the
quality of our fitting then the correctness of our as-
sumption concerning E_(r,z) and E,(r, z) (see Fig-
ure 3).

The limits of the methods applied here follow from
two facts. From (1) we can deduce the errors A¢’ and
A¢” from the uncertainties AG and AB of the complex
admittance. With the values AG = AB = 0.005 mmho
of the vector analyser, we can be sure to add a rel-
ative error smaller than 1% for values of ¢ taken
above 6 MHz, and of ¢” taken above 3 MHz. The
frequency dependence of ¢* is given by the Debye
relations

— B 1

& —sao+(ss( Euo) 1 +(f/f0)2 2

" __ _ f/fO

&= (sst 800) 1+ (f/fo)z ” (2)

As for high frequencies f > f, the difference ¢ — ¢, is
comparable to the absolute error A¢’, we are sure to
add less than 1% relative error in determining our three
parameters ¢, &, and f, from (2), when we restrict
ourselves to the region 5 MHz < f < 400 MHz. This is
not valid for the values taken between 1,000 ... 18,000
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Fig. 3. Conductance and susceptance of heart in the range 1 ... 400 MHz. As fitting region we used the domain 5 ... 400 MHz (lower part). The values on top of the
figure are extrapolated, showing the necessity of extending our measuring capabilities to still lower frequencies.
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Fig. 4. Left-hand side: Comparison of relative permittivities between 1: blood (sanguis), 2: erythrocytes, 3: 2 x thawed erythrocytes (31% water content) and 4: 4 x
thawed erythrocytes (27% water content). — Right-hand side: Comparison of relative permittivities between 1: cornea, 2: cortex lentis, 3: nucleus lentis and 4: corpus

vitreum of cow and pig.
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MHz, as ¢'(f) and ¢"(f) are varying again because of
the neighbourhood to the water dispersion and -ab-
sorption.

Preparation and Results

The animal eye was taken from the central slaughter
site directly after the animals’ death and kept at 4 °C
until our measurements started. Except for the inva-
sive measurements of the nucleus lentis and the corpus
vitreum, the eyes were kept humid to avoid changes in
the collagen structure by drying (see Figure 4). The
blood samples from our collaborators in the Medical
Department were treated the same way except for the
thawed samples. In the latter case we destroyed the
erythrocyte membranes to overcome the large permit-
tivity contribution: Cooling down to —20 °C, adding
75% of water and thawing results in a rupture of the
membranes in the hypotonic surrounding (see also
Figure 4).

As a basis for an interpretation we want to restrict
ourselves to measurements of the cornea and the ery-
throcytes, because the heart muscle tissue is a kind of
“calibration dielectric” well known since 1986 [6]. In
the case of erythrocytes we can extract the parameters
€., &, and f,, describing but one region of dispersion
and absorption of the cells, as the water content in any
of our four samples is well known. These data are
necessary, especially for samples of neuroblastoma
and fibroblast cells to form the basis of a model for the
description of a possible “microthermic” heating far
from the water contribution. For the cornea data the
situation is quite different. Here, the Debye equations
(2) have to yield two sets of parameters, namely ¢, ;,
€q. 1> fo.1 and €, 5, &y 2, fo.2, as the water content
cannot be varied experimentally. As a matter of fact,
just this water content is one of two criteria for an
early diagnosis of an abnormal behaviour of this type
of tissue (see the following table).
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Substance £y 2, fo/ MHz
Erythrocytes 6.8 156.4 70.6
Cornea 455 145.0 74.1

44 455 18.000

All errors are assumed to be +2% (see “Method™).

Discussion

The miniaturised probe as a part of an automated
set-up for reflection type measurements of the com-
plex permittivity meets two demands. It is sufficiently
tiny to allow precision measurements for small thick-
ness in cornea diagnosis and for small volumes in
suspensions of cells other than erythrocytes and, fur-
thermore, it guarantees relative errors smaller than
1% in the frequency range 5...400 MHz despite of
the relatively low value of C,= 0.022 pF.

The strong frequency (in the easily accessible re-
gion) dependence for the cornea of both ¢ and &” gives
a reliable criterion for diagnostic purposes concerning
the value of ¢, as reflecting the water content, and the
value of f; reflecting the mobility of the permanent
electric dipole moments. The relatively strong contri-
bution of the cellular dielectric behaviour to the cell/
water mixture for the erythrocytes gives hope to get
results in suspensions of cells down to concentrations
as used to measure data of proliferation, adhesion and
ion-fluxes [13, 14].
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