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This work investigates the frequency dispersion of electrical properties of biological tissues, particularly pig
liver, using spectral analysis of conductivity. Numerical differentiation of impedance characteristics was applied
over a wide frequency range (0.01 Hz — 100 kHz) to identify local transitions between tissue electrophysiological
regimes. It is shown that the position of the local minimum of the first derivative of the imaginary part of specific
conductivity near 1 Hz, corresponding to alpha-dispersion and interfacial polarization on cell membranes, remains
stable regardless of sample size but shifts sensitively under the influence of destructive factors (e.g., temperature,
radiation). These results confirm the feasibility of using conductivity derivatives as an informative marker of
structural changes in tissues, complementing classic impedance approaches for diagnosing and monitoring

pathological processes.
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Introduction

Electrical Impedance Spectroscopy (EIS) is an
effective method for studying the electrical properties of
biological tissues [1, 2], providing a non-invasive
assessment of their composition, hydration, and
physiological changes [3, 4]. EIS is widely used for
differentiating pathological changes in tissues of various
organs, particularly the liver [5], and has an advantage
over other methods due to its ability to quantitatively
assess cellular changes and its wide frequency range [5].
The method allows real-time measurements and is applied
for the development of biosensors, as well as the
assessment of tissue status in vivo, in vitro, and ex vivo [7,
8].

However, insufficient reproducibility and
repeatability of results, caused by material heterogeneity,
electrode polarization, and external conditions, especially
for complex tissues, is a major problem in applying the
method [3, 6, 18]. Factors affecting the reproducibility of
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EIS results are divided into structural features of tissues,
measurement signal parameters, and methodological
aspects. Biological tissues are complex systems with
various electrical properties that depend on anisotropy,
chemical composition, and physiological state [5, 20].
Properties also depend on the time after tissue removal
from the body [19]. The frequency range of measurement
is critical, as choosing the wrong range can distort results
due to heat generation or electrode polarization [11, 12].
Important methodological aspects include the use of a
four-electrode technique, control of contact impedance
and electrode cleanliness, and consideration of external
conditions [3, 6, 8].

Current research actively applies EIS for diagnosing
pathological conditions of the liver, including fibrosis,
steatosis, and cancer [7, 19]. However, poor
reproducibility of results remains a problem due to
electrode polarization, distributed parameters, and
simplification of complex tissue models [3, 6, 8, 10]. To
address this problem, the development of new electrodes,
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improvement of mathematical models, application of
machine learning, and inter-laboratory studies are
promising. This will allow wider use of EIS in clinical
practice and research [22, 23].

In the proposed study, an attempt was made to find
parameters of frequency dispersion curves of electrical
conductivity of liver tissues that are stable under different
measurement conditions and sensitive to structural
destructive changes in the tissue caused by various
aggressive factors.

I. Materials and Methods

Pig liver tissues were used as a model biological
material for obtaining impedance spectra. After slaughter,
the animal organ was cooled and kept in a thermostat at
+4 °C. The experiment began 5—6 hours after biomaterial
collection. Tissue samples were formed in a 2 ml medical
syringe plastic body, which served as a measuring cell.
Sample dimensions were: base diameter — 10 mm, height
— 5-20 mm. Destructive factors chosen for influence were
storage in water, thiourea solution, y-irradiation, exposure
to air at room temperature, 5 °C, and 60 °C for 1 hour.
Impedance spectra were recorded using an AUTOLAB
PGStat 30 spectrometer in the frequency range from
0.01 Hz to 100 kHz. To minimize the influence of
electrical voltage on the structure of organic tissues, the
amplitude of the measuring signal was limited to the range
of 0-5 mV.

Thermostating was performed using a standard
thermostat model 1/120 SPU, which ensured stable
temperature conditions throughout the experiment.
Numerical processing of measurement results,
construction of Nyquist diagrams, and data approximation
with determination of electrical equivalent circuit
parameters were carried out in FRA-2, Z-View 2, and
Origin Lab software environments.

II. Results and Discussion

Figure 1 shows the dispersion curves of the real Y’
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and imaginary Y” parts of the electrical conductivity of
liver tissues after repeated experiments. A gradual
increase in the real part of the conductivity with frequency
is observed, indicating a decrease in the influence of
interfacial boundaries and a weakening of capacitive
resistance. The imaginary part shows a maximum in the
mid-frequency range, which reflects polarization on cell
membranes [ 14, cite: 42]. Reducing the sample size more
clearly reflects the influence of surface effects, which
enhances the oscillations of the imaginary component.
Repeated measurements indicate the instability of results
due to the influence of the forming signal. At the same
time, the shape of the curve, which can serve as an
indicator of the state of the system under study, is
preserved. To characterize the shape of the dispersion
curves, an analysis of their derivatives was used.

Since the measurements are performed over a wide
frequency range with a logarithmic distribution of selected
frequency values, it is rational to use an equivalent circuit
of the impedance system containing three series-
connected R—CPE branches to calculate the derivatives.
According to the assumption [14, cite: 45], based on the
internal structure of the tissue, R: and CPE: describe the
conductivity and capacitance of the extracellular medium,
R>—CPE. - intracellular pathways, and Rs—CPEs —
membrane structures with a short time constant. Each part
of the spectrum is formed mainly due to the corresponding
branch: the low-frequency zone reflects polarization at the
tissue-electrode interface (Ri—CPE:), medium frequencies
— bulk conductivity (R>—CPE:), high frequencies —
membrane response (Rs—CPEzs). According to this system,
the complex impedance of the systems is:

1. For one parallel connection of R and CPE:

_rR
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()" = 0™ [cos (”7") + jsin (nz—n)]

Then:
0.5cm
—m—rep1
—&—rep2
rep3
—¥—repd
100p 4
*
£ ,v‘
] o/.,V"l'
3 vy
C/v ;
Vi
/s
10u T

T T T T
1 10 100 1000 10000 100000

W, Hz

b)

Fig. 1. Graphs of the dependence of the specific values of the real (a) and imaginary part (b) of the conductivity of
cylindrical liver samples 0,5 cm high during repeated acquisition of electrical impedance spectra as a function of
frequency.
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14RQw™cos () +jsin ()]

Z(w) =

Let's write this in standard form:

R
1+RQw"cos( )+1RQw"sm( 2 )

Z(w) =

2. Multiply the numerator and denominator by
the conjugate denominator to extract the real and
imaginary parts:

R[1+RQa)”cos (nz—n)—jRQa)"sin (712_n)]
[1+RQa)ncos (Z—n)]2+[RQw"sin (7{2_n)]2

Z(w) =

From this, we get:
Real and imaginary parts of a single chain:

[1+RQ(u cos (nn)]
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For the complete circuit consisting of three such
series-connected chains, the impedance sums up:

Z(w) = Z1(w) + Zz(w) + Z3(w)

Therefore, the total real and imaginary parts will be
the sums of the corresponding parts:
Total real part of the circuit:

Ziggar (@) = Z1(w) + Z(w) + Z3(w)
Total imaginary part of the circuit:

Zh (@) = 2§ () + 23 () + 25 (@)

That is, we substitute the formulas found above for
each link with the corresponding parameters obtained
from the calculation of the equivalent electrical circuit

For the complete circuit, the real (Z'(w)) and
imaginary (Z" (w)) parts will look like this:

Rk[1+Rka(u"k cos (%)]

Zéotal (w)

Z”tal (w) - - Zi=1

[1+Rkamnkcos (%)]Z‘F[Rka(unksin (7"3721_k)]2

RZQyw™ksin (n k)

where k is the chain number (from 1 to 3).
Let's consider conductivity Y (w), which is the inverse
of impedance Z (w)

1
Y(a)) = m

Since the circuit consists of three series blocks, each
of which is a parallel connection of R and CPE, it is more
convenient to first calculate the conductivity of each
parallel block, and then obtain the total conductivity of the
circuit.

For parallel connected R and CPE:

Resistor conductivity:

Yr

5
CPE element conductivity:
fre = 0" = Q" s (%) s ()

Thus, the total conductivity of a single block (parallel
connection):

Y(w) =Yg+ Yepp == + Qw"cos ( )+]Qw sin (?)

From this, we extract the real and imaginary parts of
the conductivity of an individual block:
Real part of conductivity of a single block:
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[1+RQ™ecos (Z28)] " +[Reorewmesin (k)]

/ -1 mn
Y (w)—R+Qw"cos (2)
Imaginary part of conductivity of a single block:
" _ Ne: nn
Y"(w) = Qw"sin (2)

For series connection of elements, the circuit

conductivity Y, (w) is equal to:

1
Yiotal (@)

_ 1
Y3 (w)

1
Y2 (w)

1
Y3(w)

1
1 1

Yi(w) Yz(w) Y3(w)

Ytotal (w) =

where each individual Y, (w) :
-1 n LU Negin [
Yi(w) = Rk+ Qrw"kcos ( . )+]Qk(u ksin ( 5 )

or convenience of calculations, let's first write the

impedances of individual blocks:

1
)+]kanksm ( Zk)

Zi(w) = Y (w) +ka"kcos(

After this, the total impedance of the circuit is simply



D.M. Chervinko, B.I. Rachii, L.S. Yablon, V.O. Kotsiubynsky, O.P. Pakhovsky, I M. Hasiuk

the sum (series connection):
Ziora(w) = Z1(w) + Z(w) + Z3(w)

Then the total conductivity of the circuit:

1
Z1(w)+Z2(w)+Z3(w)

1 —
Ziotal (@)

Ytotal ((1)) =

Let's write the real and imaginary parts of this quantity
explicitly:
Real part:

!
Y w) = Ziotal (@)
o () (2] ()] +[20, ()]
Imaginary part:
rn
Yiloltal ((1)) = — Ztotal (w)

(2t (@] +[Zhy (@]

where Z;,,; (w) and Z;,,,; (w)- are the real and imaginary
parts of the total impedance, found in the previous step:

Rk[1+Rka(unkcos (1)

2
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Ztlotal (w) = Zi:l n
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[1+Rkaw kcos(
Thus, finally:
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Due to the analytical complexity of the complex
Yr(w) and Y”(W)

were calculated by numerical dlfferentlatlon over the full
frequency range. Figure 2 shows the derivatives of the
dispersion curves, and Table 1 shows the positions of the
local minima.

conductivity formula, the derivatives

Table 1.
Position of local minima of the dy"/dw derivative
depending on sample height.

5cm min, ¢! 1cm min, ¢!
Ist repeat 1,11 1st repeat 1,10
2nd repeat 0,76 2nd repeat 0,95
3d repeat 1,22 3d repeat 0,65
4th repeat 0,78 4th repeat 1,27
1,5cm 2cm
Ist repeat 1,2 1st repeat 1,12
2nd repeat 1,04 2nd repeat 0,95
3d repeat 1,12 3d repeat 0,77
4th repeat 1,22 4th repeat 0,96

Slight changes in the position of the local minimum
of the dy"/dw derivative in samples of the same size
between repeated measurements may be due to
microstructural rearrangements of the tissue, sensitivity to
contact conditions, instability of interfacial polarization,
and mathematical features of CPE elements (Table 1).
Values above 1 Hz indicate a shift in the system's reactive
response to an area of partial smoothing of polarization or
blurring of cell boundaries, while values below 1 Hz
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reflect classical alpha-dispersion with a dominance of
membrane polarization.

Analysis of changes in the first derivative of complex
conductivity (Fig. 2) allows for the identification of areas
with the most pronounced transitions in current transfer
mechanisms. Extremes in the derivatives correspond to
frequencies where polarization on cell membranes (alpha-
dispersion) dominates or the structure of conductive
pathways changes. For small-sized samples, increased
sensitivity to surface effects is observed, leading to a shift
and amplification of derivative oscillations, especially in
the imaginary part. In addition, repeated measurements
could cause variations in humidity, ion diffusion, or partial
rearrangement of the cellular architecture, which also
affected the shape of the derivative. The obtained data
demonstrate that the first derivative is an informative
marker of local changes in the electrical behavior of the
tissue.

By analogy, let us consider the dispersion curves of
the real and imaginary parts of liver tissue conductivity
subjected to destructive influences (Fig. 3). In this case,
the shape of the dispersion curve, determined by the
ayr(w) dYH(w)
7 and

2 presents the general pos1t10ns of local minima in the low-
frequency range, the dispersion in which is determined by
a-processes [26]. Alpha-dispersion in biological tissue is
a low-frequency electrical dispersion (approximately in
the range of 10 Hz — 10 kHz) that arises due to interfacial
polarization at the boundary of cell membranes.

derivatives , changes significantly. Table
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Fig. 2. Logarithmic curves of the dependence of the first derivative of the real (a) and imaginary part (b) of the
conductivity of liver samples 0.5 cm in size during repeated acquisition as a function of frequency.
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Fig. 3. Graphs of the dependence of the real (a) and imaginary part (b) of the conductivity of liver tissues under the
influence of destructive factors as a function of frequency.
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Fig. 4. Graphs of the dependence of the second first derivative of the real (a) and imaginary part (b) of the
conductivity of liver samples under the influence of destructive factors as a function of frequency.

It is caused by the difference in electrical conductivity
between intracellular and extracellular fluid, separated by
a non-conductive (dielectric) membrane, which acts as a
microscopic capacitor. In this frequency range, ions do not
have time to pass through the membranes, so they
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accumulate on their surfaces, causing polarization effects
and an increase in tissue impedance. Alpha-dispersion
reflects the structural and electrical organization of cells
and is sensitive to changes in their integrity.
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In comparison with the previous graphs, samples after
exposure to destructive factors, as expected, show
significant changes in frequency behavior. A decrease in
real conductivity at low frequencies may be a sign of
impaired cell membrane integrity and loss of conductive
channels. The imaginary part becomes more chaotic,
which may reflect the destruction of structures responsible
for capacitive behavior.

The appearance of new maxima or their
disappearance can be a clear indicator of the destruction
of the tissue's internal architecture. The derivative allows
localizing areas of greatest sensitivity to changes, which
makes it a promising tool for quantitative analysis of the
degree of damage.

Table 2.
Position of local minima of the dy"/dw derivative
depending on the destructive factor's influence.

destructive factor frequency of .local minimum
position, Hz
intact 0,79
24 hours 1,12
y-radiation 0,89
1 hour at 5°C 1,22
1 hour at 60°C 0,88

Conclusions

It has been shown that the position of the local
minimum of the first derivative of the imaginary part of

the specific electrical conductivity of liver tissue, located
near 1 Hz (alpha-dispersion region), remains stable
regardless of the sample dimensions (height). This
indicates that this parameter can serve as a reliable marker
of the initial (intact) state of the tissue. Under the influence
of various destructive factors (e.g., temperature changes,
y-irradiation, prolonged exposure to air, chemical agents
like thiourea), the position of this local minimum
significantly shifts. This confirms its high sensitivity to
structural changes in the tissue caused by these factors.
The results obtained indicate the feasibility of using the
first derivative of the imaginary part of conductivity as an
informative marker for diagnosing and monitoring
pathological and destructive processes in biological
tissues, complementing classic impedance methods.
Further research is needed to deepen the understanding of
the mechanisms of changes in electrical properties of
tissues under the influence of destructive factors and to
apply the developed approach in clinical practice.
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3mina ¢gopmu qucnepciiiHOl KPUBOI MPOBITHOCTI TKAHMHYU MEYIHKH i/
BILTMBOM J1eCTPYKTUBHUX (paKkTOpiB

Ipuxapnamcokuil HayionareHuil yuigepcumem imeri Bacuns Cmegpanura, Kagheopa npuxnadnoi gizuxu ma
mamepianosnascmea, leano-@pankiecvk, Yrpaina, ivan.hasiuk@pnu.edu.ua

VY poGoTi JOCTiAKYEThCS YaCTOTHA JMCIEPCisl eNCKTPUYHHUX BIACTHBOCTEH OIOJOTIYHUX TKAHHH, 30KpemMa
MEYiHKN CBUHI, 32 JOIIOMOTOI0 CIIEKTPAJIbHOTO aHaNi3y MPOBigHOCTI. YrcenbHe AudepeHIiFoBaHHS IMITETaHCHHX
XapaKkTepUCTHK 0yJI0 3aCTOCOBaHO B mnpokomy Aianaszoni yactoT (0,01 I'u — 100 kI'1) as1s BUSBIEHHS JOKAJIBHUAX
MEPEeXO/IiB MiX eIeKTpOo(i3ioIOriYHIMHU peKUMaMU TKaHUH. [10ka3aHo, IO MOJIOKEHHS JIOKAJbHOTO MiHIMyMY
TepIoi MOXiAHOI ySBHOI YaCTHHU NMUTOMOI HpoBigHOCTI moOmm3y 1 I'm, mo Bigmosimae ambga-mucnepcii Ta
MixdasHiil mosipu3anii Ha KIITHHHEX MeMOpaHax, 3aIMIIAEThCs CTabiIbHAM HE3aJIe)KHO BiJl pO3MIpy 3paska, ajie
YYTIIMBO 3MIIy€ThCS ITiJ] BILTABOM AECTPYKTUBHUX (DaKTOPiB (HAIPUKIAA, TEMIIepaTypH, pamiamii). Lli pesynbpraTu
MATBEP/IKYIOTh MOXJIMBICTh BUKOPHUCTAHHS MOXITHHUX NPOBIIHOCTI K iHQOpPMaTUBHOIO MapKepa CTPYyKTypHHX
3MiH y TKaHWHAX, I10 JOTOBHIOE KJIACHYHI IMIEIAHCHI MiAXOAN IS A1arHOCTUKU Ta MOHITOPHHTY HAaTOJOTIYHUAX
MPOIIECIB.

KoarouoBi ciioBa: iMrenaHCHa CIEKTPOCKOIIISI, AUCIIEPCis eICKTPONPOBIJHOCTI, TKAHUHU IMEUYiHKH, cXeMa
CJIEKTPUYHOTO CKBiBaJICHTa, pyHHYBaHHS, anbda-aucrepcis, yuciaoBe audepeHIifoBaHHs, 010JOTIYHI TKaHWHH,
KIIITHHHI MEMOpaHu.
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