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Abstract

We determined water content and water distribution by fitting dielectric spectra of ischemic canine hearts between 5 MHz and 3 GHz with
a newly developed model which describes heart cells and subcellular organelles as rotational ellipsoids filled with electrolyte enclosed by an
isolating membrane. The fraction of dry material is modelled by spherical particles with a small dielectric permittivity. Free model parameters
were water content, cell volume fraction, and the conductivity of the electrolytes. Resulting model parameters were compared to data from
tissue desiccation and to conductivity changes produced by protons and lactate ions. We investigated hearts in two states: during ischemia
after interruption of blood flow (pure ischemia, PI, n=5) and during ischemia after resuscitation with Tyrode’s solution (IAR, n=14).

The difference between water content determined by tissue desiccation and by dielectric spectroscopy was less than 0.5%. During 360
min of ischemia, water content in IAR decreased from 85 + 1.6% to 83 + 2.2% and in PI from 80 + 0.8% to 78 + 1.5%. Cellular volume
fraction in IAR increased from 0.47 + 0.045 to 0.63 & 0.031 and in PI from 0.62 + 0.014 to 0.73 + 0.013, which is consistent with published
morphometric data. After 180 min of ischemia, the increase of the cytosolic conductivity was 0.14 £ 0.02 S/m as calculated from the
dielectric spectrum and was similar to the conductivity increase which was roughly estimated on the basis of tissue lactate concentration.

In conclusion, dielectric spectroscopy combined with our model analysis facilitates the monitoring of water content and distribution by

means of nondestructive surface probes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The exchange of water between the different body fluid
compartments is facilitated by two forces: hydrostatic pres-
sure and osmotic pressure. Constancy of the internal envi-
ronment is maintained by several body systems. Any
perturbation of this balance may cause changes of tissue
water content as well as of water distribution, e.g. by shifts
of water between extra- and intracellular volume [1]. Such a
perturbation could be the result from changes of cell
structure caused by tumour growth [2—4], from changes
of membrane permeability [5,6], from metabolic tissue
diseases [7], from traumatic injury [6], or from ischemia
[8,9]. In cardiac muscle tissue, water distribution is also
correlated with contractile function [10]. Therefore, moni-
toring water content and water distribution in tissue may
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help to assess its state of health [11]. However, in vivo
measurement of water content and water distribution is still
a problem. Simple methods like drying and weighing tissue
samples to obtain water content [12] or measurement of the
distribution of tracers or dye markers [5,13] are invasive and
cannot be applied to living tissue. Water content can be
determined non-invasively by the nuclear magnetic reso-
nance method [14—16], but this method is expensive and
discrimination between intra- and extracellular water is
difficult. Water distribution can be estimated from passive
electrical impedance measurements [13,17], a method that
does not harm the tissue and is easy to apply but requires the
precise knowledge of the specific conductivity of each
compartment [18]. However, during organ ischemia, anaer-
obic metabolism causes unknown variations of the conduc-
tivity of each electrolytic compartment [19] and changes of
membrane properties [20] which reduce the accuracy of
water content and water distribution measurements by the
impedance technique [18]. To overcome this difficulty, we
used the complex dielectric spectrum consisting of the
dielectric permittivity ¢ and the conductivity o.
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Dielectric permittivity ¢ of biological tissue mainly
depends on water content and on water distribution between
intra- and extracellular volume and is not much affected by
variation of the electrolyte’s conductivity [21]. The contri-
bution of water molecules to the dielectric properties of
biological tissue can be seen beyond several hundreds of
MHz; however, it is hidden behind other dielectric polar-
isation processes like Maxwell-Wagner polarisation of
membranes in the biological tissue [22]. A suitable tissue
model is required in order to separate the water contribution
from other polarisation mechanisms. In Ref. [23], we
presented a tissue model which facilitates the analysis of
dielectric spectra of heart during ischemia. It considered cell
shape and the polarisation of membranes of cells and
intracellular structures. Free model parameters were the
cellular volume fraction and the conductivity of each
electrolytical compartment. Since this model was not suffi-
cient to extract water content, we had to resort to a different
mixture formula. To overcome this restriction, we enhanced
the model of Ref. [23] in this work by adding structures
representing the dry matter of heart tissue.

To test the model, we investigated hearts during ischemia
after interruption of blood circulation and hearts during
ischemia after resuscitation with Tyrode’s solution. The
parameters calculated with the dielectric model were com-
pared to intraischemic tissue lactate concentration and to
changes of tissue pH caused by anaerobic metabolism [24],
to cell edema independently measured by the analysis of
histologic slices of heart tissue [25], and to water content
determined by drying and weighing tissue samples.

2. Materials and methods
2.1. Experimental procedure

All animals received humane care according to the Guide
for the Care and Use of Laboratory Animals (NIH, pub. 86-
23, revised 1985). The experiments were performed on
canine hearts (Foxhounds) during ischemia at 25 °C. Two
experimental groups were investigated: ischemic hearts after
resuscitation with Tyrode’s solution (IAR, n =14) and hearts
during pure ischemia (PI, n=>5). The group of resuscitated
hearts was part of other experiments with the purpose to
investigate the effect of ischemic damage on postischemic
function after resuscitation. Similar experiments are de-
scribed in Ref. [26]. These hearts were preischemically
perfused with HTK solution (Custodiol®, Kdhler Chemie,
Alsbach-Hahnlein, Germany), then excised and stored at 5
°C during a first ischemia period. After 480 min of
ischemia, they were reperfused with Tyrode’s solution at
37 °C for 90 min. We investigated these hearts during the
second period of ischemia at 25 °C following reperfusion.
Pure ischemic hearts were excised directly after interruption
of blood circulation, cooled in 5 °C Ringer’s solution
(Braun Melsungen, Melsungen Germany) for about 5 min

and stored at 25 °C during ischemia. Investigations started
about 10 min after the onset of ischemia.

2.2. The dielectric spectrum of heart and water content

A sample of the right ventricular myocardium (2.5 X 2.5
cm) was dissected, weighed and positioned on the aperture
of a coaxial line which ended in the flat metal plate of the
sample chamber. The sample chamber was kept at 25 °C
and had a plastic cover in order to avoid desiccation of the
tissue. The complex reflection coefficient of the interface
between coaxial line and tissue was measured from 5 MHz
to 3 GHz every 10 min during ischemia by using a network
analyzer HP 8753C in combination with an S-parameter test
set HP 86046 A (Hewlett Packard, Palo Alto, USA). The
complex dielectric permittivity of the heart tissue was
calculated from the reflection coefficient measured after
system calibration of the open-ended coaxial line with three
standards: air, short circuit, and an aqueous solution of 0.05
mol/l NaCl [23]. At the end of each experiment, the heart
sample was weighed, its volume determined, then dried for
48 h at 100 °C, and weighed again. Water content was
calculated from the wet to dry ratio and the density g4, of
the dry matter was determined by Eq. (1).

mg
Qum = r% (1)

with V= volume of the tissue sample, mq,,, = mass of the dry
matter, m,,=mass of tissue water, and water density o, = 1
g/em’.

dry matter, em, Vam

Fig. 1. The simplified model of heart tissue as previously described in Ref.
[23] was enhanced by introducing intracellular spherical particles with
volume Vg, and dielectric permittivity ¢, =5 representing the dry matter.
The model consists of three compartments filled with electrolytic solutions:
the extracellular volume 7, (¢.(w)), intracellular volume V;, (&.,(w)), and the
internal volume of subcellular structures like mitochondria V;; (&;(w)). The
three compartments are separated from each other by membranes with
thickness d,, and dielectric permittivity &, =5. The dielectric properties
e(w), k=e, ia, ii, m, are calculated by using the Cole—Cole spectral
function [27], w=2nf, f=1frequency.
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Fig. 2. Representative spectra of dielectric permittivity ¢ (/') and conductivity (/') of heart tissue at 25 °C measured at 30 min (filled symbols) and 300 min
(open symbols) after the onset of pure ischemia (PI). The lines were calculated by the electrical heart model (solid line at 30 min and broken line at 300 min).

Mean square was 0.67 at 30 min and 0.86 at 300 min.

2.3. The dielectric heart model and data analysis

The tissue model shown in Fig. 1 uses ellipsoids
enclosed by isolating membranes to describe the electrical
properties of myocardial cells or of cell organelles like
mitochondria or nuclei. It is based on a previously described
model [23] and was enhanced by introducing intracellular
spherical particles consisting of nonpolar dielectric matter
which allow for the effect of the dry matter on the dielectric
properties of myocardial tissue. Intracellular structures are
embedded in the cytosolic electrolyte and the concentration
is given by the volume fraction

Vi’

e
! Ve+Via+ Vii+Vdm

(2)

with the extracellular volume V, the intracellular volume
Via, the internal volume of subcellular structures like mito-
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chondria Vj;, and the volume Vg, of intracellular spherical
particles (cf. Fig. 1). The concentration of the cellular
ellipsoids in the extracellular space is given by the cellular
volume fraction.

_ Via+Vii+Vdm
B Ve+Via+Vii+Vdm

Ui

(3)

The dielectric permittivity of the model was calculated
by using a mixture formula which is suitable for high
volume fractions of the dissolved ellipsoidal component.
The mixture formula and a general expression of the
dielectric permittivity associated to this model was de-
scribed in detail in Ref. [23]. The calculations were
performed in four steps: (1) The determination of the
effective dielectric permittivity of the membrane-enclosed
ellipsoids symbolising the cell organelles. (2) The effective

water content [%]

Fig. 3. Water content of pure ischemic hearts (PI, circle symbols, n=5) in comparison to water content of hearts during ischemia after resuscitation with
Tyrode’s solution (IAR, square symbols, n=14). Two methods were used for measurements: drying and weighing of heart samples (filled symbols) and
analysis of the complex dielectric permittivity spectrum measured between 5 MHz and 3 GHz using the heart model (open symbols). Temperature during

ischemia was 25 °C (mean £ S.D.; *PI vs. IAR tested at 13 min, p<0.01).
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Fig. 4. Intracellular volume fraction v; for hearts during pure ischemia (PI, open symbols, n=5) in comparison to hearts during ischemia after resuscitation with
Tyrode’s solution (IAR, filled symbols, n=14). Data were calculated by analysing the complex dielectric permittivity spectrum measured between 5 MHz and
3 GHz with the heart model. Temperature during ischemia was 25 °C (mean £ S.D.; *PI vs. IAR tested at 13 min, p<0.01).

dielectric permittivity of the cytosol with its embedded
particles. (3) The effective dielectric permittivity of the
membrane-enclosed ellipsoids representing the tissue cells.
(4) The effective dielectric permittivity of the extracellular
electrolyte with its embedded cellular ellipsoids. In each
step, the electrical properties of all electrolytic model
compartments, indexed in Fig. 1 by k=e, ia and ii, were
calculated with the Cole—Cole spectral function [27]. The
following model parameters were kept constant: the static
dielectric permittivity &, (0)=78, the dielectric relaxation
time 7.=9 ps in the extracellular space, 7;,=1;=25 ps in
the intracellular space, and the dielectric permittivity
&r(00)=5 at very high frequencies. Five parameters were
subject to a fit algorithm: the volume fraction vg,, of the
dry matter, the volume fraction v; of the cells, and the three
conductivity parameters oy, k=e, ia and ii. The dielectric
spectrum of the model was fitted to the intraischemically
measured data of heart tissue by using a nonlinear least
squares fitting algorithm [23].

2.4. Myocardial lactate concentration, tissue pH and their
correlation with conductivity

The left ventricles of the pure ischemic hearts were
incubated at 25 °C in a beaker filled with Ringer’s solution.
Tissue biopsies taken during ischemia were homogenised in
cold 3.5% perchloric acid and protein was removed by
centrifugation. The acid extracts were neutralised, filtered
and lactate was assayed enzymatically based on photometric
absorbance measurements [26]. The mobility of lactate
molecules was determined in an aqueous solution of 0.05
mol/l Na-lactate by measuring the conductivity ¢ and
calculating the mobility u by Eq. (4)

0 — nepiy,
=—>t 4
u > (4)
with the number of ions »n, the elementary charge
e=1.6x10""" C, and the mobility of Na ions
lina=4.6 X 10~ ® m*/Vs. During ischemia, we calculated
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Fig. 5. Conductivity of extracellular electrolyte ., cytosol a;, and inner electrolyte of cell organelles o;; for hearts during pure ischemia (PI, open symbols,
n=5) in comparison to hearts during ischemia after resuscitation with Tyrode’s solution (IAR, filled symbols, n=14). Data were calculated by analysing the
complex dielectric permittivity spectrum measured between 5 MHz and 3 GHz with the heart model. Temperature during ischemia was 25 °C (mean + S.D).
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Fig. 6. Extracellular pH, (filled symbols) measured in hearts during pure ischemia (PI, n=75) in comparison to changes of extracellular conductivity Ao, (open
symbols) calculated from the complex dielectric permittivity spectrum measured between 5 MHz and 3 GHz using the heart model. Temperature during

ischemia was 25 °C (mean + S.D.).

the increase of conductivity caused by the measured lactate
concentration with Eq. (5)

Aalactate = nep (5)

Septum specimens (3 X 3 c¢cm) were incubated in glass
chambers at 25 °C. No bath medium was added but
chambers were sealed to avoid desiccation. Tissue pH of
these specimens was continuously measured by using mi-
cro-pH electrodes with a tip diameter of 1.7 mm (WPI
Laboratory Equipment, Hertfordshire, UK). In order to
estimate the effect of tissue pH on extracellular electrolyte
conductivity, we measured the conductivity of blood plasma
subject to pH variations between 5.5 and 7.4.

2.5. Statistics

The measured results are quoted as mean =+ standard
deviation (S.D.). Statistical differences between data sets

were calculated by Wilcoxon rank sum test. The null
hypothesis was rejected when p < 0.05.

3. Results

During ischemia, the frequency course of dielectric
permittivity ¢ and of conductivity ¢ of heart tissue changes
in a characteristic way. Fig. 2 shows a representative
example from the PI group. With increasing frequency the
dielectric permittivity ¢ decreased while conductivity o
increased. Between 30 min and 300 min, ¢ increased at
frequencies below 100 MHz and showed a small decrease
between 200 MHz and 3 GHz. Simultaneously, ¢ decreased
slightly below 20 MHz and increased beyond. When fitting
these changes of the spectra during ischemia with the heart
model, the parameters varied as demonstrated in Figs. 3—5.

To compare the water content, 1 — vg,,, as determined by
dielectric data analysis, with the results of tissue desiccation,
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Fig. 7. Lactate concentration (filled symbols) measured in hearts during pure ischemia (PI, »=5) and its associated changes of conductivity Ac|acree as
calculated with Eq. (5) (solid line) compared to changes of intracellular conductivity Ag;, (open symbols) as calculated from the complex dielectric permittivity
spectrum measured between 5 MHz and 3 GHz using the heart model. Temperature during ischemia was 25 °C (DW =dry weight; mean + S.D).
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it was necessary to convert vy, into a weight ratio using the
density gqm=1.4 £ 0.2 g/em’. At the end of measurements,
the values calculated by the two methods matched very well
but at the start of measurements the dielectrically deter-
mined water content was higher in PI (n.s.) but smaller in
IAR (n.s.) as compared to water content gained by tissue
desiccation (Fig. 3). Water content in IAR decreased from
about 85 + 1.6% to 82 +2.7% after 700 min while water
content in PI started significantly lower at 80 + 0.8%
(p<0.01) and decreased to 78 £ 1.5% after 360 min. A
reversed relation was obtained for the cellular volume
fraction v; (Fig. 4). This parameter increased in both groups
during ischemia but v; in PI was higher at each time point: in
PI, v; varied from about 0.62 £ 0.014 to 0.73 & 0.013 after
360 min while v; in IAR started significantly lower at
0.47 £ 0.045 (p<0.01) and increased to 0.68 + 0.031 after
700 min. Fitting the dielectric heart data during ischemia
required also the variation of the three conductivity param-
eters 0., 0;,, and o of the model (cf. Fig. 1). All three
parameters increased and beyond 50 min we found no
significant difference between PI and IAR for each param-
eter (Fig. 5, tested at 100 and 300 min), but up to about 50
min all three conductivity parameters showed lower values
in PL.

In PI, extracellular pH, decreased from about 7 to 5.8 and
0. increased by approximately 0.25 S/m (Fig. 6). This
increase of o, is greater than 0.01 S/m, as found in
independent measurements on blood plasma when pH
varied from 7.0 to 5.8. As shown in Fig. 7, lactate concen-
tration increased during ischemia and we estimated its effect
on electrolyte conductivity. From Eq. (4) we obtained the
mobility of lactate ions £=2.61 X 10~ ® m*/Vs and used Eq.
(5) to calculate the change of conductivity. With the as-
sumption that the lactate ions were distributed homoge-
neously in all electrolytic compartments of the heart model,
the increase of conductivity Aoj,cae produced by lactate
ions in Fig. 7 was similar to the increase of the conductivity
Aoy, calculated by the model.

4. Discussion

Within the scope of the model of Fig. 1, we obtained
a reasonably good fit to the measured data as shown in
Fig. 2. To estimate the quality of the heart model, we
compared the free parameters with results from independent
measurements.

4.1. Water content

Water content of heart tissue decreased as a result of the
measurement setup because water trickled out through the
cutting edges of the samples. Fluid accumulated during
ischemia on the floor of the measuring chamber especially
with hearts in group AR which were resuscitated with
Tyrode’s solution. The discrepancy between results of

individual experiments from drying and weighing and the
water content calculated from the dielectric spectrum was
less than 0.5% at the end of ischemic measurements (cf. Fig.
3). Differences at the beginning of measurements were due
to temperature which was about 10 °C in PI but about 35 °C
in IAR. High temperature causes a decrease of the effective
dipole moment of water molecules by an increase of
Brownian motion: the dielectric permittivity of water is
about 84 at 10 °C and 75 at 35 °C [28]. Our model does
not allow for this temperature effect on the dielectric
permittivity which explains the discrepancy at the beginning
of the measurements.

4.2. Cellular volume fraction

The model parameter v; (cellular volume fraction) was
confirmed by independent histologic measurements:
Schmiedl] et al. [25] investigated volume shifts between
intra- and extracellular space of pure ischemic canine hearts
by using morphometric techniques. They found that at the
onset of pure ischemia 16% of the investigated tissue area
was occupied by interstitial space and about 22% by tissue
clefts. Consequentially, intracellular volume was about
62%. This result equals the intracellular volume fraction
v; (13 min)=0.62 + 0.014 determined with our model in
pure ischemic hearts 13 min after the onset of ischemia.
During ischemia, the volume fraction v; increased indicating
the development of a cellular edema (Fig. 4). Again, this
finding is consistent with the results found by tissue
morphometry [25]. For example, at 180 min an intracellular
volume of about 68% was measured morphometrically
which equals our result, v; (180 min)=0.68 + 0.015.

Cellular volume fraction of resuscitated hearts in IAR
started with significantly smaller values (Fig. 4) and tissue
water content was significantly higher (Fig. 3) when
compared to hearts in PI. During ischemia, however, a
large fraction of the water from the extracellular space
drained through the cutting edges of the samples in IAR
and cellular volume fraction approached to values found
in PI. From these results, we conclude that water was
pressed into the extracellular volume during perfusion
with the Tyrode’s solution. However, we cannot decide
if this was a result of using a saline solution instead of
blood for heart reperfusion or whether it indicated organ
damage, e.g. caused by degradation of endothelium during
ischemia [29]. This problem will be the objective of
further investigations.

4.3. Conductivity parameters

Due to the different starting temperatures in both groups,
we obtained initially lower values for the three conductivity
parameters of PI (cf. Fig. 5). After temperature equilibration,
each parameter increased to a level found for these param-
eters in IAR. Such an intraischemic increase of conductivity
could be expected as a result of anaerobic metabolism



M. Schaefer et al. / Bioelectrochemistry 61 (2003) 85-92 91

during ischemia [24], which accumulates free charge car-
riers like protons and lactate molecules.

Our measurements on blood plasma showed that pH
barely effects conductivity. Therefore, the decrease of ex-
tracellular pH during ischemia in group PI is not a sufficient
cause for the increase of extracellular conductivity o, (cf.
Fig. 6). In contrast, the increase of intracellular conductivity
0ia Was similar to Ao y,ciate, as estimated by means of Eq. (5)
and the intraischemic concentration of lactate ions (cf. Fig.
7), but we are reluctant to see this as the only possible
explanation. So far, we considered only the simplified heart
model, proton concentration, and concentration of lactate
ions. We neglected many other intraischemic processes, e.g.
redistribution of K*, Na* or Ca" between cell compartments
[30], swelling of mitochondria [31], or perturbations of
active and passive membrane properties [32,33]. To our
knowledge, there are no published measurements of the
specific conductivity o, g;, and o;; during ischemia which
could be used to check the model results. Intraischemic
lactate accumulation might explain the time course of a;,. In
spite of all simplifications, water content and water distri-
bution as calculated by the model matched very well to
results of independent measurements.

4.4. Model limitations

Modelling of heart tissue requires many model parame-
ters to describe the dielectric polarisation due to molecular
dipole moments, cell membranes and membranes of sub-
cellular structures, and additional parameters to allow for the
geometry, concentration and distribution of tissue compo-
nents. In order to minimise the number of model parameters,
we made the following basic assumptions: The extracellular
and intracellular space as well as the inner space of the
subcellular compartments contain water and ions, and the
compartments are separated by membranes consisting of
nonpolar material. Spheres of the same nonpolar material
dissolved in the water of the intracellular compartment
describe the dry component of the tissue. The model
neglects dielectric polarisation contributions due to amino
acids, partial rotation of charged side-groups of and the
relaxation of bound water [34], which are small in compar-
ison with the polarisation contribution of membranes. We
approximated the cylindrical shape of the heart cells by
ellipsoids in order to simplify calculation of the effective
dielectric permittivity [23]. As far as possible, we applied
values from literature for the dielectric and structural model
parameters. However, we found different values for some
parameters, e.g. membrane thickness d,, varies between
10 x 10~ "®and 100 x 10~ '® m, which has a large influence
on the calculated parameters [23]. We used dp, =55 x 10~ °
m which is compatible with the commonly accepted value
of about 1 pF/cm? for the membrane capacitance [34].

The resistance 1000—-2000 Q cm? [35] of an intact
resting membrane with thickness 55 % 10~ '° m vyields a
conductivity of 2 x 10~ * S/m. We did not find data of the

intraischemic time course of membrane resistance in cardiac
tissue although it is well known that, for example, the
relative potassium ion permeability increases during acute
ischemia [36]. In order to estimate the influence of the
intraischemic variation of the membrane conductivity on the
results of the calculated free model parameters, we de-
creased the membrane conductivity stepwise from 10~ '°
to 10> S/m, finding a variation of all free parameters of
less than 1%. The higher membrane conductivity was
assessed by assuming open ion channels for Na*, K", Ca*
and Cl . In the worst case, the membrane conductivity
would increase to 10~ S/m using a membrane conductivity
of 25 mS/cm? (conductivity of Na* during action potential)
for each ion. These investigations show that the model is
robust under variation of membrane conductivity at fre-
quencies beyond 5 MHz.

5. Conclusion

Water content and its distribution between extra- and
intracellular volume differed between pure ischemic hearts
and hearts during ischemia after resuscitation. Using dielec-
tric spectroscopy in combination with the presented heart
model, we could detect these differences and monitor both
parameters during ischemia.
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