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MenuuuHa € npUKIaIoM iHTerpaiii 6aratbox Hayk. HaykoBi JOCHIDKEHHS y Cy4acHIi MeAWIMHI Ha OCHOBI
JocsiTHEHb (i3uKy, Ximii, 6iosorii, iHGopMaTHKK Ta IHIIUX HAYK BIAKPUBAIOTh HOBI MOXKJIMBOCTI JJIsl BABYSHHS IIPOLIECIB,
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3MIHIOBaTH CBIJIOMOCTb JIFOJIEH, XapakTep IXHbOI MISUIBHOCTI Ta CTUMYJIIOBATH 3MIHM Y MiJrOTOBLI MEIUYHHUX KajpiB.
Bwine 3acTocyBaHHs Cy4acCHUX MPUPOIHUYO-HAYKOBHUX JIOCSTHEHB € 3allOPYKOI0 NOAAIBUIOT0 PO3BUTKY MEIULMHH SIK
rajy3i 3HaHb.

KoHepeHuis mpucBsiueHa BUCBITICHHIO HOBUX TEOPETUYHUX 1 IPUKITAHUX PE3YJIBTATIB y raly3i IPUPOIHHYNX
HayK Ta iHQOPMALIHUX TEXHOJOTIH, IO € BAXIMBUMH Ul PO3BUTKY MEIMLMHH Ta CTUMYJFOBAHHS B3aEMOJI MiK
HAayKOBIIMH IPHPOJHUYMX Ta MEAUYHHX HAYK.

T'os10Ba HayKOBO-OpramizauiiHOro KoMiTeTy

Boaoaumup ®E/IIB mpodecop, a.(i3.-Mar.H., 3aBigyBay kadeapu Oi0MOridHOT (GI3UKK Ta METUUHOL
iH(OpMaTHKN ByKOBHHCBHKOTO JIEp)KaBHOT'O MEJIMYHOTO YHIBEPCUTETY

YjieHH HAYKOBO-OpraHizaniiiHOro KoMireTy

Tersina BIPFOKOBA K.TEX.H., JOLEHT Kadenapu OionoriuHoi ¢isukn Ta MeauuyHol iH(MOPMATHKU
ByKOBHHCBKOTO AE€pyKaBHOTO MEIMYHOTO YHIBEPCUTETY

Oxcana I'YIYJI K.Qi3.MaT.H, JOIEHT Kadeapu OionoriyHoi ¢I3MKM Ta MeIUYHOI iH(QOPMATHKU
ByKOBHHCBKOTO A€pKaBHOTO MEMYHOTO YHIBEPCUTETY

Mapis IBAHUYK K.Qi3.Mar.H., JnoueHT kadeapu Oiomoriunoi ¢i3uku Ta MeAU4YHOI iH(MOPMATHKU
ByKOBHHCBKOTO AEPIKABHOTO MEIMYHOTO YHIBEPCUTETY

Ouena OJIAP K.Qi3.Mar.H., JnoueHT kadenpu Oiomoriunoi ¢i3uku Ta MeAU4HOI iH(MOPMATHKU
ByKOBHHCBKOT0 A€pKaBHOTO MEIMYHOTO YHIBEPCUTETY

IlouecHuii ricTs

Prof. Dr. Anton FOJTIK dakynbTer 6iomequuHOI iHKeHepil, Yeckkill TexHiuHui yHiBepcuTeT, M.[Ipara, Uecbka
pecmybika

Komn’1oTepHa BepcTka:
Mapis IBAHYYK

Po3BUTOK MPHPOAHMYNX HAYK SIK OCHOBA HOBITHIX J0CATHeHb y MeaMumuHi: Marepianu [l HaykoBO-IpakTHYHOT
iHTepHeT-KoHpepeHuii, M. UepHisii, 22 yepBHs 2022 p. / 3a pea. B. . denia — Yepnisui: BJIMY, 2022. — 489 c.

VY 30ipHHKY 1O/IaH] MaTepiajii HayKOBO-TIPAKTUYHOI iIHTepHET-KOH(epeHii «PO3BUTOK NMPUPOJHUYNX HAYK SK
OCHOBa HOBITHIX JOCSTHEHb Yy MEIULMHI». Y CTaTTaxX Ta Te3axX IPeJCTaBlIeHl pe3yJbTaTH TEOPETUYHHX 1
eKCIIEPHMEHTAIBHUX JOCIIDKSHB.

Marepiany MoaroThCsl B aBTOPCHKIiM penakiii. BianoBinaibpHICTh 3a JOCTOBIpHICTH iH(OpMalii, NpaBUIIBHICTE
(axTiB, IUTAT Ta MOCHIIAHb HECYTh aBTOPH.

Jlnst HayKOBHX Ta HAyKOBO-TIEAroTiYHUX CHIBPOOITHHKIB, BUKJIaJadiB 3aKja/iB BHIIOI OCBITH, acIlipaHTIB Ta
CTYJICHTIB.

Pexomenoosano 0o opyky Buenorw Paooio Bykosuncvkozo 0epricagnozo meouunozo ynieepcumemy (Ilpomoxon Nell
6i0 22.06.2022 p.)

ISBN 978-966-697-983-7



UDC 537.3
Uhryn Y., Yavorska O.
Methods of parameters measuring of two equivalent electrical circuits of living tissues
Ivan Franko Drohobych State Pedagogical University Drohobych, Ukraine

vuriyuhryn@yahoo.com.ua

Abstract. Two equivalent electrical circuits simulating electrical properties of living tissues are
analyzed. For each of these circuits expressions for calculation of their parameters on the basis of
experimental measurements of frequency dependencies of active and reactive resistance of living
tissue are obtained, and it is sufficiently these measurements to made at low frequencies which expand
possibilities of measurements and provide the avoidance of frequency dependence of these
parameters. For one of these schemes, these are such parameters as the electrical capacity of the
intercellular substance — membrane - cytoplasm system (transmembrane capacity) (C), membrane
resistance R,, and intracellular resistance R;, and for the other, the same parameters C and R; and
intercellular substance resistance Re.

Key words: bioelectrical impedance, transmembrane capacity, membrane resistance, intracellular

resistance, equivalent circuit

1. Introduction
Various electrical circuits with resistors and capacitors are used to simulate electrical

properties of living tissues [1-6]. Inductive elements are absent in such circuits, as there are no
elements in living tissues, which could produce a significant magnetic flux [7]. It is known that any
living tissue consists of intercellular substance and cells, which in turn consist of an outer shell - a
membrane, which has both conductive and dielectric properties, and an inner structure — cytoplasm,
be a conductor [7]. The conducting properties of the membrane give us reason to assign it a certain
resistance, which we denote by R,,,. The cytoplasm inside the cell is an electrolyte, i.e. a conductor,
it has a certain resistance, which we denote by R;. Since the cell membrane is also a dielectric, and
there are conductors on both sides of it, this system is a capacitor, the electrical capacitance of which
we denote C. Let us denote the resistance of the intercellular substance R,.

The problem is how all these elements of the circuit section should be connected in order to
most correctly interpret the experimental frequency dependences of the total resistance |Z|(w)

(impedance), activeR(w) and reactive X(w) resistances of a particular tissue.
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The purpose of this paper is to analyze possible equivalent circuits of living tissue and
calculate parameters of these circuits based on measurements of frequency dependence of impedance
of living tissue at low frequencies of alternating current. Measurements at low frequencies provide
independence (or insignificant dependence) of the parameters themselves, especially the electrical
capacitance on frequency (electrical capacitance depends on frequency due to frequency dependence
of dielectric permittivity of cell membrane dielectric [8,9]) and to avoid negative effect of high
frequency current on the investigated living tissue.

2. Methods of equivalent circuits parameters calculating
Consider certain equivalent circuits.
1. A circuit with a capacitor and a resistor in series (Fig. 1a). This circuit is far from the truth

[1]. At low frequencies it gives a very large impedance because the resistance of the capacitor X, =
ﬁ becomes very large (at w — 0, |Z| - o) which contradicts numerous experiments [1, 3-6, 9-12]
(Fig.2)

2. A circuit with parallel connection of capacitor and resistor (Fig.1b) This scheme gives a
contradiction to the experiment for high frequencies. Indeed for w — o0 X, = ﬁ — 0 and then
|Z| — 0 which is not observed in experiments.

3. A circuit with a capacitor and a resistor connected in parallel to which one resistor is

connected in series (Fig. 3). Obviously, in this circuit, the resistor R, models the resistance of the

membrane, and the R; - cytoplasm resistance [1].

R C |{
R

a b

Fig. 1. The simplest equivalent electrical fabrics: (a) - section of the circuit with a series connection of resistor and
capacitor, (b) - section of circuit with parallel connection of resistor and capacitor R- resistance of cells and intercellular
substance, C- capacity of the system intercellular substance - cell membrane - cytoplasm

This circuit reflects the experimental results in the limiting cases much better. Indeed, if w —
0 current flows only through the resistors and the total resistance will be R,, + R;, i.e. will have a
constant value, and if w — oo current flows through the capacitor and the resistor R; and the total
resistance will be equal to R;, that is, it will also have a constant value, which is quite consistent with

the schematic experimental curve in Fig. 2.
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w

Fig. 2. Schematic experimental dependence of the impedance of living tissue on the frequency of alternating

current

To investigate|Z|(w), R(w), and X(w) throughout the all frequency range let us find their
theoretical expressions. For this purpose we will find the complex resistance
Z(w) = R(w) + jX(w)

Where j = v—1 is imaginary unit.

| I_L R

= DR e B

Fig. 3. Equivalent electrical circuit of living tissue. C - electrical capacity associated with the system of intercellular substance -
membrane - cytoplasm, R, - resistance, which simulates the resistance of the membrane, R;- resistance, which simulates the resistance

of the cytoplasm

According to the diagram in Fig. 3, the complex impedance is
_ijX

7 =R, 4+ —1m"
(@) TR X

. . . . 1 .
After algebraic transformations and considering X = —o we obtain

R, jR2,0C

Z(w) = R, _
@) =R+ R 00241 R0 +1

The real part of this complex resistance is the active resistance R(w), and the imaginary part

is the reactive resistance X(w):

R(w) =Re(Z) =R, + m (1)
—R% wc
X(w) =Im(Z) = m 2

Find also the impedance

(R; + Rn)? + (RiR,wC)?
(RpywC)? + 1

1Z|(w) = VR?(w) + X2?(w) = (3)
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Find the flex point w; of the curve R(w). To do this we differentiate (1) twice and equate the

w

o 02 .
derivative to zero (% = 0). As a result we obtain:

1
“r = BR,.C @)

Substituting the last equation into (1) and denoting R(ws) = R¢ we obtain the expression for

the active resistance at the flex point

3

According to (1), R(0) = R; + R,,,. Let us denote this value by R,. Then, given (5)
Ry = 4(Ro — Rf) (6)

The value R,,, can already be calculated because the right side of (6) contains quantities that

can be measured. Then by (4) we can calculate the membrane capacity:
C=——— (M)
@mef
as well as cytoplasm resistance
R; =Ry — Ry, )
So, by equations (6) - (8) we can unambiguously calculate the parameters of the equivalent
circuit in Fig. 3. and all measurements are carried out at low frequencies, which has great advantages
over measurements in a wide range of frequencies, because it guarantees independence of the
parameters from frequency and also makes it possible to avoid the harmful effects of such frequencies
on living tissues.
From (6) and (8) we obtain the relationship between the measurable quantities
Ry — R, = 4(Ry — Ry) 9)
Let us prove that the frequencies at which the experiment should be performed to calculate the
parameters R,, R; and C using this method, are really quite low. The highest frequency at which the
resistance should be measured for this purpose is the flex frequency wy. The resistance at the flex
frequency is given by the relation (5) from where it can be seen that it is not very different from the
resistance at zero frequency with (8): Ry = R; + Ry, that is, the value of Ry is from 75% to 100% of
the value R,. This is also confirmed by experiments. Fig. 4 shows the frequency dependence of the
resistance of human muscle tissue from [12]. One can see that R(w) has a curvature change in the

frequency of about 8 kHz.
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To find the same parameters we can also use the experimental dependence of the reactance.
: o : : : dx
To do this, find the first derivative of its expression (2) and equate it to zero (ﬁ = O). As aresult

we obtain the frequency at which the reactance reaches its maximum

Wy = RmLC (10)
and the value of the reactance at this frequency
Xm=— % Ry, (11)
From the last two formulas we find:
R, = —2X,, (12)
and
1 (13
2XmWm

R,Om

145

14

13,5

13

12,5

11,5

1

10,5

35
v, KMy

Fig. 4. The frequency dependence of the active resistance of
human muscle tissue is based on data from [12]. The dashed lines
show the frequency of inflection of this curve and the value of
active resistance at this frequency

A schematic experimental curve with all its special points is shown in Fig. 5
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Note that in the role of the second equation instead of (11) we can take the equation for X (w)
at small frequencies. For this purpose, in (2) we neglect the small value (R,,wC)? compared to 1 and
we obtain:

X = —R,*Cw (14)
From this equality we have that the tangent of the slope angle a of the line X(w) in the small
frequency region is equal to RZ,C:
tga = —R2.C (15)

Finding the second derivative of X(w) over w and equating it to zero, we obtain other

equations for finding R, u C:
Rp = in (16)
V3
co V3
wRpy’ (17)

where wy, X¢ - frequency and the corresponding reactance of the flex point of the curve X(w)

w

Fig. 5. Schematic experimental frequency dependence of reactive resistance of living tissue. wy, and wy- the frequency

of maximum and inflection of the reactance,R,, the same as in Fig.3, a- the angle of inclination of the tangent to the
reactance at the point where it is zero

From (12), (13) and (15) we find the relationship between the three quantities being measured:

2Xm
tga = —— 1
ga on (18)
This means that if the experimental curve X(w) obeys this equality then it is described by the

theoretical curve (1) and therefore the parameters R,,, R; and C determined from it will be correct.

Equation (18) is also advantageous by the fact that it includes only the quantities that are measured

at low frequencies.
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Obviously, this scheme can be applied to such living tissues in which the intercellular
substance can be modeled by a conductor with insignificant cross section, i.e. a conductor with very
high resistance (muscle tissues, internal organ tissues, etc.)

4. A circuit with two parallel branches, one of which includes a resistor, and the other - a

capacitor and a resistor connected in series (Fig. 6).

&
|
|

 —r—

Fig. 6. Equivalent electrical circuit of living tissue. C and R; is the same as in Fig.3. R,- resistance of intercellular
substance

Obviously, this circuit is applicable to tissues with a significant cross section of intercellular
substance (e.g. blood).

Acting similarly to the previous case, we find the resistance of this circuit:

_ ReRi(Re +RD(wO* +1) RewC

Re + R)2(00)2 +1 (R, + R)Z(0C)% + 1 (19)
and its parameters based on the experimental dependence R(w):
Re = Ry (20)
m—ﬁ%? e
0o~ R
1
" B3R + R -
or based on experimental dependence X(w):
R; = % - Ry (23)
C= 1 (24)
(Re — R o

Substituting (20) into (23), we obtain the relationship between the experimental quantities is

the same as for the previous circuit:

tga = w—m (25)
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which similarly to (18) for the preliminary circuit, serves as a test equation for fitting the experiment
to equation (19).
Conclusion

To interpret electrical properties of different living tissues different equivalent circuits can be
used, but in each of these circuits there is a capacitor representing capacitance of the system:
intercellular substance — membrane - cytoplasm. By measuring special points of frequency
dependence of active or reactive resistance of living tissue, it is possible to calculate this capacitance
as well as other parameters of a certain equivalent electrical circuit of this tissue. The methods
described above, based on measuring the frequency dependence of bioelectrical impedance, make it
possible to calculate this capacitance as well as the appropriate resistances that are present in these
circuits. These parameters, in the presence of appropriate and statistically wide experimental data,
can serve for estimation of viability of living tissues.
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