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Introduction

The active development of technologies for
measuring current in biological material, combined with
methods for diagnosing morphological changes in tissues
of living organisms, has shown that the influence of even
low-intensity electric fields on biological tissues can cause
morphometric processes. The study of these processes
requires the application of adequate biophysical methods.

An example of these methods is the electrical
impedance spectroscopy (IS) technique across a wide
range of frequencies. IS allows establishing a relationship
between the structural features of tissues and their
electrical parameters, enabling the conduct of appropriate
diagnostic manipulations if necessary to check the overall
functioning state of the objects studied [1, 2, 3, 4, 5, 6].

In particular, in works [7] and [8], we demonstrated
the correspondence of the structural components of the
cell, especially the plasma membrane, intra- and extra-
cellular spaces, to elements of the electrical equivalent
circuit. This was shown at various stages of tissue
destruction and illustrated through the results of optical
microscopy.

It's worth noting that different frequencies and electric
field potentials have a specific effect on the biological
sample, necessitating the determination of their action and
the selection of an optimal range of parameters for
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measurement. For example, a frequency of 300 Hz causes
membrane depolarization, stimulating the transmission of
the electrical potential impulse in the tissue [9]. The use of
higher frequencies (1Hz—1MHz) may be associated with
certain risks to the morphological integrity of the object
studied, specifically certain types of stress, and therefore
the possibility of selective impact on pathological cells
and the treatment of cancer diseases. This technology
involves the process of electroporation, i.e., local
membrane destruction for the elimination of atypical cells
[9].

The work [10] established that a similar process is
possible using both alternating and direct current, and the
effectiveness of the influence shows a clear dependence
on frequency.

Special attention is given to additional practical and
methodological components of the impedance
measurement process and the influence of variable
potential across different frequency ranges. For example,
the dependence of the type and parameters of diagrams on
the placement of electrodes on the sample is studied [11].

The work [12] explores the influence of the distance
between electrodes on measurements, bipolar and
tetrapolar  electrode  placement  methods, both
conventional and needle, to detect measurement errors and
improve the methodology for humans and using plant
tissues [13].
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Considering the diagnostic value and high sensitivity
of IS [14], the method has found its application in a wide
range of fields, particularly in medicine for detecting signs
of cancerous and neuromuscular diseases [15, 16],
investigating the peculiarities of body structure changes
caused by cognitive disorders [17], and evaluating the
effectiveness of cryosurgical methods [18].

Overall, the application of impedance spectroscopy to
study the parameters of biological tissues encounters the
problem of a strong dependence of measured parameters
on experimental conditions. Practical interpretation of
such results requires finding invariant quantities or their
derivatives, which ~ would provide a clear
phenomenological interpretation of the morphological
state of the system studied [19, 21].

Considering the wide variety of effects of certain
frequency ranges, there is a need for verification and
correct interpretation of the parametric changes in
impedance spectra depending on the destructive
transformation of the tissue to detect the degree of lethality
of such manifestations.

This work attempts to explain the mechanism of
transformation of electrical impedance spectrum
parameters as a result of multiple sequential procedures of
obtaining the spectrum of biological tissue - pig liver.

I. Materials and Methods

The use of isolated tissues for the experiment allowed
for control over the sample size according to the size of
the used chambers, contributing to more precise
measurements due to the uniformity of temperature impact
[8]. The liver of a pig was chosen as the object for
measurement due to the availability of the material, its
relative common use, and certain morphological
similarities with human tissues. The liver tissue samples,
obtained immediately after slaughtering the animals, were
stored in a thermostat at a set temperature (2°C).
Cylindrical samples with a height of 1 cm and a diameter
of 2 cm were used for the study.

Imaging was conducted using samples of initially
determined lengths, 0.5 cm, 1 ¢cm, 1.5 ¢cm, and 2 cm. The
total number of measurement repeats was four. The
measurement chambers were made from the plastic body
of a 2 ml medical syringe. The ends of the cylindrical
sample made contact with a nickel mesh. Nickel
conductors, welded to the mesh, served as current leads.
The structure of the experimental equivalent circuit was
chosen to be similar to that presented in our previous work
[8].

Impedance spectroscopy was conducted using an
AUTOLAB PGStat 30 spectrometer in the frequency
range of 0.01 Hz to 100 kHz. To reduce the impact of the
amplitude values of the voltage measurement signal on the
condition of organic tissues, the amplitude values of the
voltage signal were set to 5 mV. Modeling of the electrical
equivalent circuits and numerical processing of the
measurement results to determine the parameters of the
equivalent circuit elements were conducted with the help
of software environments FRA-2, Origin, and Z-View 2.
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I1. Results

Experimentally obtained Nyquist diagrams of the
studied samples are shown in Fig. 1. The frequency range
of the obtained spectra is 0.01 Hz to 100 kHz, with Z’ and
Z” representing the real and imaginary components of
impedance, respectively. Inserts show the high-frequency
regions of the spectra, with arrows indicating the
directions of frequency increase. The presented spectra of
samples of different thicknesses (0.5 — 2)cm were
obtained through four consecutive repeats of the
experiment.

No significant differences in the nature of polarization
currents between measurement repeats are observed (Fig.
1b, 1d). On the other hand, significant differences can be
noted in the diagrams, specifically, a reduction in the real
and imaginary parts of the complex impedance across the
entire range of frequencies used (Fig. 1a) as a result of
consecutive repeated measurements. At the same time, a
slight decrease in the slope of the polarization branch of
the spectra of the sample sized 1.5 cm is observed (Fig.
1c). Analysis of the aforementioned Nyquist diagrams
(Fig. 1) allowed for the construction of corresponding
electrical equivalent circuits, tested in our previous studies
(Fig. 2) [8]. Such an equivalent circuit corresponds to the
state of the tissue at the first stage of its destruction when
restorative processes are still possible [7].

The values of the component parameters of the
indicated schemes are presented in Table 1. CPE and R
parameters of the electrical equivalent circuits of samples
of corresponding sizes, where R is resistance, and CPE-T
is a constant phase element, for which intermediate
elements are defined between active resistance (when
CPE-P = 0) or an ideal capacitor (CPE-P = 1). For CPE-P
< 1, the element is defined as a pseudocapacitor.

The dynamics of the dependency of CPE and R
parameters of the elements in the equivalent circuits on the
sample sizes and the repeatability of the experiment are
graphically illustrated in Figs. 3 — 5. According to the
interpretation of the circuit elements, R1-CPE, R2-CPE2,
and R3-CPE [7] correspond to the components of the
tissue's electrical subsystem, specifically to the internal
area of the cell membrane and the intercellular formations,
respectively.

Sharp changes in resistance were observed with
changes in sample size during certain repeats, which do
not allow for the identification of a clear pattern.
Additionally, only a portion of the repeats showed similar
dynamics in changes. For example, a specific character of
change in the R1 parameter curve can be noted,
particularly a sharp decrease and increase in the case of
the 2" and 3" repeats, respectively, when reducing the
sample size. Moreover, the second group of repeats (1 and
3) is characterized by a similar, though less pronounced,
trend (Fig. 3c). In the case of R2 and R3, it's important to
note certain similarities in the dynamics of changes, such
as a sharp initial increase (R2) and decrease (R3) in values
(Figs. 3a and 3b). Furthermore, it is worth noting the
significantly lower membrane resistance (R3) in
comparison to the external and internal cellular [8].
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Fig. 1. Parametric spectra of liver tissue impedance of certain sizes after fourfold measurement. Inserts display
the high-frequency regions of the Nyquist diagrams, with arrows indicating the direction of frequency increase.
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Fig. 2. Electrical equivalent of experimental measurement
cells based on liver material.

Experimentally obtained Nyquist diagrams of the
studied samples are shown in Fig. 1. The frequency range
of the obtained spectra is 0.01 Hz to 100 kHz, with Z’ and
Z” representing the real and imaginary components of
impedance, respectively. Inserts show the high-frequency
regions of the spectra, with arrows indicating the
directions of frequency increase. The presented spectra of
samples of different thicknesses (0.5 — 2)cm were
obtained through four consecutive repeats of the
experiment.

No significant differences in the nature of polarization
currents between measurement repeats are observed (Fig.
1b, 1d). On the other hand, significant differences can be
noted in the diagrams, specifically, a reduction in the real
and imaginary parts of the complex impedance across the
entire range of frequencies used (Fig. 1a) as a result of
consecutive repeated measurements. At the same time, a
slight decrease in the slope of the polarization branch of
the spectra of the sample sized 1.5 cm is observed

(Fig. 1c). Analysis of the aforementioned Nyquist
diagrams (Fig. 1) allowed for the construction of
corresponding electrical equivalent circuits, tested in our
previous studies (Fig. 2) [8]. Such an equivalent circuit
corresponds to the state of the tissue at the first stage of its
destruction when restorative processes are still possible
[71.

The patterns of change in capacitance values (CPE2-
T) are characterized by a sharp rise when reducing the
sample size to 1.5 cm, followed by a sharp subsequent
decline at 1 cm (Fig. 4b). The CPEL-T parameter of the
mixed group element did not show clear regular changes
in values with corresponding changes in sample sizes.
However, a general trend toward a slight increase in the
parameter with decreasing sample size is observed,
particularly from 1.5 cm in most repeats (Fig. 4c).

It is worth noting a minor similarity in the behavior of
the curves of the 2" and 3" repeats and the 1%t and 4™,
which was also observed in the case of R3 (Fig. 3c).

Just like with the R parameter, for CPE-P, sharp
jumps in values obtained during measurement can be
detected. Additionally, a similarity in the variable
dynamics of individual repeats can be noted, which does
not allow determining an overall trend.

For instance, the curves of the 2" and 3 repeats and
the 1% and 4" for CPE2-P and CPE3-P change similarly
with opposite dynamics (Figs. 5b and 5c), as observed
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Parameters of Equivalent Circuits (Fig. 2). et
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earlier (Figs. 4b and 4c).

It is necessary to note the similarity in the behavior of
the curves of the 2" and 3" repeats and the 1% and 4™, as
observed in the case of CPE3-T, R2, and R3 (Figs. 3b, 3c,
4c).

The obtained values of the tangent of the loss angle
increase to a slight extent with the increase in sample size,
hence a gradual partial increase in the peaks of the curves
can be observed. The curve of 0.5 cm did not adhere to the
specified trend; furthermore, significant differences
between other curves of the parameter were not observed
in most repetitions. The curve of 2 cm exhibited some
more pronounced differences compared to others (Fig. 6a,
6b, 6d), however, a clear pattern was also not observed.

In this comparison format, it is quite difficult to notice
clear differences between the curves of the tangent of the
loss angle. There are no sharp differences from the basic
behavior of the curves, indicating the absence of processes
that would clearly signal the intensification of stress
processes in the samples during various repeats.

2.1 Discussion
As demonstrated [9], repeated exposure to a varying
electric field at certain frequencies, for example, 1 kHz —

1 MHz, causes changes in the structure and shape of the
cell membrane, threatening the integrity and stability of
the tissue studied. This type of stress, with equal intensity
of manifestation (isotropic), facilitates a change in shape.
A change in cell volume is caused by stress with different
intensities (anisotropic). Moreover, with the change in
radius and conductivity of the external environment, there
is a risk of spatial shift [9].

The obtained result indicates the possibility of such a
mechanism due to repeated use of the corresponding
frequency spectrum, specifically 100 kHz, as reflected in
the change in the curvature of the polarization branch. It's
noteworthy that the degree of its manifestation likely fades
with the decrease in frequency, but the consequences of its
impact are sufficient for their amplification in subsequent
measurements, as reflected in a significant decrease in
impedance amplitude and potential stress exacerbation
(Fig. 1a, 1c).

A sharp reduction in membrane volume (Fig. 3c)
indicates probable damage to the cell structure, reflected
in the same increase in intracellular resistance, which may
not be related to the applied frequency.

272



Amplitude-Frequency Effect of Mixed Electric Field on Impedance Spectrum Parameters of Biological Tissue

—u— attempt 1 100M 4 F
100M 3 —#— attempt 2
—4— attempt 3
—v— attempt 4 10M 4
10M 4 R1
.
. 1M am— I o
Mo u ad
g \ E
o E. 100k 4
100k o
—u— atfempt 1
n 10k —&— aftempt 2
10kq & —a— attempt 3
& —v— attempt 4
- ke R2
kt+t———T—"—F—7T—T—T—T—T" “.......--
04 06 08 10 12 14 16 18 20 22 04 06 08 10 12 14 16 18 20 22
Size of the sample, cm Size of the sample, cm
a) b)
: —m—attempt 1
1 4 —e— attempt 2
—&— attempt 3
—v—attempt 4
R3
100k 4
£
c
(=]
e
10k 4
.
1k - _ .
T T T T T T T
500,0m 1.0 15 2.0
Size of the sample, cm

c)

Fig. 3. Impact of sample size on changesin the R parameter of the equivalent circuit across the frequency range of

0.01 Hz - 100 kHz.

120,04
400.0p 4 —u— attempt 1
—B—altempt 1 —&— atternpt 2 -
3500y 4 —&— attempt 2 100,0u o —A— attempt 3
—A— attempt 3 —y—attermpt 4
—w—attempt 4 CPE2-T
300,001 CPE1T 80,00
250.0p 4
w 60,04
- [
20000 E-
5 * O 40,00 4
150.0p 4 :
. L]
100,0p 4 20,00 4
v
LRI L4
2 Y n 0,0
S
0.0 T T T T T T T T T T T T T T T T
04 0.6 0.8 1.0 12 14 16 18 2.0 0.4 0.8 08 10 12 14 16 18 20
Size of the sample, cm Size of the sample, cm
a) b)
2
—m—aftempt 1
10p 4 —=»—aftempt 2
—&—aftempt 3
—v—attempt 4
CPE3-T
e
(18
=
il X
[&] * A
v - .
100n 4 / i
.
10n 4
T T T

0,4

———
08 10 12 14 16

Size of the sample, cm

c)

0,6

Fig. 4. The impact of sample size on changes in the CPE-T parameter of the equivalent at the frequency range of

0.01 Hz — 100 kHz.
273



T.V. Pryimak, D.M. Chervinko, H.V. Voitkiv, I.M. Hasyuk

—n— aftempt 1
124 —m—attempt 1 1,1 —&— attempt 2 ¥,
’ —&—attempt 2 —A— attempt 3 N
s —A—aftempt 3 104 —y— attempt 4
1.1 4 —w—attempt 4 ! . CPE2-P
CPE1-P \ .
v 0.9 .
1,0 4 ¥
.
o 084 /
il - v
i 091 i . .
i © g7
°#1 —_—
u p B
N 064
074{ ®
0,54
06 \
0.4 T T T T T T T T
T T T T T T T T 0.4 05 08 1,0 1.2 1.4 1,8 1.8 2,0
0.4 0,5 0.8 1,0 1,2 1.4 1,8 1.8 2,0
Size of the sample, cm
Size of the sample, cm
a) b)
—u—attempt 1
" —#—attempt 2
900.0m 4 —a— attempt 3
b —w—attempt 4
CPE3-P
800.0m 4
700.0m 4
o
L
o
Q .
6000mo " >
¥ 1.
i T
500.0m 4 /
A
400.0m T T T T T T T T
04 0.6 0.8 10 12 14 1.6 18 20

Size of the sample. cm

c)

Fig. 5. The impact of sample size on changes in the CPE-P parameter of the equivalent circuit at the frequency
range of 0.01 Hz — 100 kHz.

Attempt 2
304 Y., Attempt 1 204 —u—0.5cm
‘/‘/ '\ —le—mg.E cm —e—1cm
e / v\ —e—1cm 1.5¢cm
254 ¥ 15cm 284 —y—2
{oa N T o S
204 / / [ \ 204 f/
¥ /0 . l\ '\ \\
g “ 8 ¢ a
c 15 ¥ '/ . \\V\ = e g
. '/ ¥ / / . ‘\c " '\ £ f ‘/./ E'\
10 Y /./ Te ot 104 < \:§:\,
i RN - iy
/ L v '\07’
e e P
54 o L L -
e e e
0 """Z!Q':.’I . ‘ ‘ . | e
700 100 10 1 01 33 mla wlam 1‘ D.II
W, sec Wosec
a) b)
. . Attempt 4
P .\. —=—05cm
Attempt 3 154 e N, —e—1cm
—m—05cm » 15
—e—1cm 144 “/'/ \.\. —¥—2 Cr‘r?m
15 -~
—v—2 E"fm 12 /'/ 'xfi: '\
A AN
- ., @10- / / ) '/ .\.\ .
" R ¥ N, NN
\_\ = _/ / .\'\\ o
. - 5 ./_/ Y .
s . /) LI
v\o\' . ./ '// 0\:&.
hN 1 e .
T eld e ¥
Ty 2 "/,‘:/_,./ -~
0 el
o 700 100 10 | o
sec W, sec
c) d)

Fig. 6. The impact of sample size on changes in the tangent of the loss angle at the frequency range of
0.01 Hz - 100 kHz.

274



Amplitude-Frequency Effect of Mixed Electric Field on Impedance Spectrum Parameters of Biological Tissue

305

0.5 cm

—m— attempt 1

—#— attempt 2
attempt 3

—a_a

VAN

—v—attempt 4 -/ e
18 - s I\
- TN R
z SN
£ 12 P J = \.‘\
24 o ..
/;&"/ e '\'\‘\
;/ o \vz:\k e
] > /‘/;ﬁ{'/./ \";E'
g :
:;_;,:;:I:lﬁ -
0
T00 1 I]I 0 1ID 1‘ 0 ‘1
W, sec
a)
28 . RN
5cm 4 .
24 4 —m—attempt 1 /. \
—e— attempt 2 & '\
20 attempt 3 / .
—w—attempt 4 J‘ \
-

16 4 A Ay
=) v/'/ * \'\\. .\.
E 12 ./ '\Q_

< “:
/o \Y\
’ ./ i N
e b
44 ,ﬁ'i N&
it A
=22
0 T T T T

tan (&)

1cm
—m— attempt 1
i oo —e— attempt 2
/ “‘-\- attempt 3
v, —w— attempt 4
AN
, T e
v 'Y .
VPSRN
| T AT
'/'/ v e e W
e o S N
'/ oy e v m
- D
'/-’"/ /'/ -\'M'
g ./r/././'
== =gos
b)
2cm
30 4 ey —u— attempt 1
- —=&— attempt 2
e | -/ attempt 3
ety N —y—attempt4
[N
RN
/. ‘
o ~a
/ K Y
+ ..
‘/ ¥y '\'
10 /'/./ v/'/ v
/ /./ ‘/'/ e
b |5=£‘/. " ('/
A
i e
700 100 10 1 0
W, sec
d)

Fig. 7. Impact of sample size on changes in the tangent of the loss angle across the frequency range of
0.01 Hz — 100 kHz.

The change in size does not form a single clear trend
towards the corresponding changes in the parameters of
the electrical circuit. It's possible to distinguish both sharp
increases and sharp decreases in values. Primarily, the
reduction in the values of CPE-Z and CPE-T parameters,
whether significant or minor, occurs with the reduction in
sample sizes. Similar signs can be found in the case of a
sudden increase in membrane and a decrease in
intracellular volume when changing the sample size from
lcmto 0.5 cm.

Among the possible causes of such sudden deviations
could be a greater sensitivity of a minor volume of tissue
to stress caused by the corresponding frequency and the
presence of a certain number of damaged areas during the
sequential processing of samples.

Conclusions

The study of the parameters of the Nyquist diagram of
liver tissue samples of different sizes shows a certain
influence of the spectrum of frequencies used during

multiple measurements. This is likely caused by stress due
to repeated use of a certain frequency, for example, 100
kHz, leading to a potential change in the structure and
shape of the cell. Therefore, among the possible reasons
for the differences in the results of samples of different
sizes could be a greater sensitivity of a minor volume of
tissue to the indicated destructive factor. The study of the
tangent of the loss angle demonstrated a general absence
of clear trends in curve changes, which may indicate an
insufficient degree of induced stress and require further
stages of research
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Amplitude-Frequency Effect of Mixed Electric Field on Impedance Spectrum Parameters of Biological Tissue

T.B. Ilpuiimaxk, JI. M. Uepsiako, I".B. Boiitkis, I. M. I'actok

AMILUTITYTHO-4YACTOTHHH BILJIMB 3MIIIIAHOTO €JIEKTPUYHOTIO MOJIS1 HA
napaMeTpH iMeJaHCHOT0 CIIEKTPY 0i0JIOriYHOI TKAHUHU

Tpuxapnamcokuii Hayionarvhuil ynigepcumem imeni Bacuns Cmeghanuxa, m. leano-@pankiecvk, Ykpaina,
pryjmak488taras1996 @ukr.net

B po6oTi mpoBeneHo aHami3 CHEKTPIB €IEKTPUIHOTO IMIIeaHCy 3pa3kiB rediHkd. [ToOymoBaHo miarpamu
HaiixBicTa ekcnepMMEHTaIbHUX 3pa3KiB pi3HHX po3MipiB. OTpuMaHi Ta ONpalnbOBaHi ONTHMANbHI MOJENBHI
€KBIBAJICHTHI ENEKTPUYHI CXEMH JOCTIUKYBaHHX CHCTEM, a TaKOX 3IifICHCHO OOYMCIICHHS MapaMeTpiB ix
ckiaagoBux. [TokazaHi 3MiHM mapamMeTpiB Ta TaHTeHCY KyTa BTpaTr. 3poOJeHO BHCHOBOK IPO B3a€MO3ANIEKHICTH
HaNpy)KCHOCTI €NeKTPUYHOTO IOJ Ta BUHUKHEHHS CTPECy, CHPHYMHEHOTO BUKOPUCTaHHSAM IIEBHUX 4acTOT, Bij
po3Mipy 3paska.

KonrodoBi ciioBa: imnenanc, nedinka, TaHT€HC KyTa BTPaT, €IEKTPUIHA CXEMa.
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