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Justification of the electrical scheme of biological tissue
replacementunder the action of DC voltage

Abstract. The change in the impedance of biological tissue under the influence of voltage is used in the diagnosis and
treatment of various diseases. Mathematical models describing physical and biological processes in biological objects
are based on electrical substitution schemes. The subject of research of this work was the study of the change in the
impedance of biological tissue in the transient process of ionization under the action of DC voltage. An analysis of the
known substitution schemes was carried out, the shortcomings of their application were identified when the transient
processes of ionization in the tissue under the action of direct current voltage were studied, and the substitution scheme
with the introduction of additional resistance was substantiated, both analytically and experimentally. In the work, the
bioimpedance method is applied when direct current voltage is applied to biological tissue, taking into account the law
of commutation in transient ionization processes. An invasive measurement of the change in impedance with needle
electrodes was carried out, and it was proved that the active component proportionally depends on the distance between the
electrodes, while the capacitive component remains unchanged. It is shown that the ionization time constant is a criterion
parameter and can be used in the diagnosis of the development of ischemic disease of muscle tissue, the change in the state
of biological tissue when blood flow is stopped during the application of a tourniquet. It has been proven that the ionization
time constant does not change with an unchanged ionic composition of the tissue and can be used in the analysis of the
composition of the intercellular space. A simultaneous invasive measurement was performed in two identical places of
different limbs, on one of which a hemostatic tourniquet was applied. The obtained results made it possible to conclude
that a change in the constant time from 15% to 50% compared to two constant times allows for rapid diagnosis, within
2 minutes, of the state of biological tissue and can be used in the study of the development of diseases associated with
ischemia. The results of the study can be used for rapid diagnosis of the state of a biological object and the creation of an
inexpensive device for its use in surgery and research laboratories
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INTRODUCTION
In diagnostic and medical practice, the bioimped-
ance method - a change in the complex resistance (imped-
ance) of biological tissue under the action of voltage - has
found wide application [1-3]. The effect of direct and alternat-
ing electric current on the electrical conductivity of biological
tissue has been the subject of many scientific studies [4; 5].

The electrical resistance of biological tissue is one
of the criteria for studying the processes of state change
and detecting various diseases in a biological object [6; 7].
Resistance measurements are used to study limb ischaemia,
diagnose the affected skin surface with haemangioma, and
detect pathological changes in tissue in small volumes when
diagnosing cancer, otorhinolaryngological, gynaecological,
and other tumours [8-10].

The flow of direct current through living cells activates
the movement of electrolyte ions and other charged par-
ticles. The mobility of these particles is different, so their
redistribution occurs. Biological tissue for studying the
effects of voltage is represented by an electrical substitution
circuit. Depending on the object of study, different substitu-
tion circuits are used; simple ones consist of a capacitor and
a resistor, complex ones of several resistors and capacitors.
Depending on the objectives of the study, they are combined
into different substitution schemes [4; 5; 11].

Both in scientific research and in the design
of medical devices that use both direct and alternating
currents, it is important to build a mathematical model
that reliably describes the biophysical processes occur-
ring in biological tissues.

The reliability of the mathematical model and the
results obtained depends on the choice of the electrical
scheme for replacing biological tissue.

The influence and application of direct current on the
processes occurring in living organisms have been studied
in [4; 12; 13]. Direct current is more often used in treatment
as described in [7; 8; 13]. Current of variable frequency and
amplitude is more commonly used in research. Papers [14;
15] investigated the effect of alternating current and alter-
nating frequency from 10 to 44000 Hz on the change in bio-
logical tissue impedance using the frequencies of therapeutic
intensities of drug penetration into cells. In these works [16-
18], an electrical substitution circuit with a series connection
of capacitance and active resistance was used to study the
change in impedance under the action of alternating cur-
rent. Using such a substitution scheme to study the effect
of direct current on biological tissue would be incorrect. In
steady-state mode, at zero voltage frequency, the capaci-
tance is equal to infinity, and the current should be zero.

Papers [5; 8; 10] show the change in impedance under
the influence of a variable frequency voltage. This paper
also uses traditional substitution circuits with both series
connection of the capacitive and active elements and par-
allel connection, and the expression of Ohm’s law is given
for these circuits.

In [3; 14], the use of the bioimpedance method was
proved to study changes in the state of biological tissues and
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detect diseases. To build mathematical models that charac-
terise changes in the properties of biological tissue, in [5; 6],
various schemes applied to alternating current of different
frequencies and amplitudes were analysed.

It should be noted that the above-mentioned scientific
sources insufficiently investigated the impact of the choice
of electrical circuit for biological tissue replacement on the
study of the transient process of impedance change and the
change in the ionisation time constant as an information
and diagnostic criterion parameter in the diagnosis of vari-
ous diseases. For example, the imperfection of the choice of
electrical replacement circuits does not allow us to establish
patterns of changes in electrical resistance and changes in
tissue viability in partial and complete ischaemia. It should
also be noted that equipment using direct current is less
complex and cheaper.

The purpose of the study was to analyse existing elec-
trical schemes for biological tissue replacement.

To achieve this goal, the following tasks were formu-
lated: substantiation of a biological tissue replacement cir-
cuit with the introduction of an additional active resistance
to study transient ionisation processes in biological tissue;
development of a replacement circuit for a heterogeneous
ionic composition of biological tissue from one to n types
of ions; substantiation of changes in the time constant as
a criterion for studying the dynamics of limb ischaemia
and determining the time of ischaemia development when
a tourniquet is applied.

MATERIALS AND METHODS

To achieve this goal, the bioimpedance method was used,
which allows monitoring the change in the impedance
of biological tissue in the transition period using inva-
sive measurement of the electrical resistance of biological
tissue under the influence of direct current voltage.

In the course of the research work, theoretical meth-
ods of approximation of experimental studies, laws of bio-
physics of cells and intercellular space of biological tissue
were used to determine the change in biological impedance
in the transient process under the influence of DC voltage.

The study was conducted at the Photonics Laboratory
of Vinnytsia State Technical University. In Figure 1 shows
a laboratory setup for measuring the electrical conductivity
of biological tissue.

Materials: biological object (sexually mature guinea
pigs — males weighing 500-600 g). Studies were performed
under anaesthesia (composition: sodium thiopental 10 mg/
ml - 3-4 ml). Anaesthesia was administered 30 minutes
before the start of the study. Within 0.5 hours, premedica-
tion was performed with the following composition: dimed-
rol 1% - 0.3 ml and analgin 50% - 0.3 ml. When working
with animals, the provisions of Article 26 of the Law of
Ukraine No. 3447-VI of 16.10.2012 “On the Protection of
Animals from Cruelty” [19], the “General Ethical Principles
for Animal Experiments” approved at the First National
Congress on Bioethics [20], the requirements of the Euro-
pean Convention for the Protection of Vertebrate Animals
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Justification of the electrical scheme of biological tissue replacement...

Used for Research and Other Scientific Purposes [21], and
the Declaration on the Humane Treatment of Animals [22]
were followed.

Equipment: Figure 2 shows a block diagram of the
equipment for measuring the conductivity of biological
tissue.

5

Figure 2. Block diagram of connection of equipment for measuring the conductivity of biological tissue, where indi-
cated: 1 — DC voltage control unit; 2 — two-channel oscilloscope; 3 — biological object (guinea pig);
4 and 5 sensors for invasive conductivity measurement

DC power supply - voltage (0-50), current 10 A, voltage
adjustment step 0.5 V, measurement error 1%. The oscillo-
scope is a Sony-Tektronix 314 two-channel portable storage
oscilloscope with a bandwidth of 10 MHz. Medical needles
(5 mm?3 syringe) with stepwise adjustment of the distances
between them were used as sensors for invasive measure-
ment. The adjustment step is 1 cm. The needles are insu-
lated with varnish, except for the tips with an open part that
is inserted into the tissue, which is 5 mm.

To build mathematical models and analyse the impact
of extraneous factors on biological tissue, electrical substi-
tution schemes are used for both tissue sections and indi-
vidual organs [7]. The criterion for choosing an electrical
substitution scheme was to match the physical process in
the biological environment that it describes.

RESULTS AND DISCUSSION

It is known from studie [3; 8] that the applied DC voltage
to biological tissue causes the redistribution of free ions
and the appearance of an electromotive force (EMF). Fig-
ure 3 shows a physical model of the electrical conductivity
of biological tissue: the ionisation current directed against
the current caused by the applied voltage depends on the
number and types of ions.

Figure 3. A physical model of the electrical conductivity
of biological tissue

The heterogeneous structure of a biological object or
tissue part, with its structural and physical features, con-
stitutes the resistive characteristic of the object under
study when exposed to an electric current. The structure
of biological objects determines the total impedance (elec-
trical resistance or electrical conductivity), which can vary
depending on the current state of the object and the influ-
ence of an external factor, such as voltage, electromag-
netic fields, etc.

A constant voltage applied to a biological object dur-
ing the transient period causes electric currents, one of
which is the current caused by the polarisation properties
of the tissue. The total electrical resistance of a biological
tissue is defined as:

R=p, (1)
R, =—. (2)

Where indicated:
R - active component of tissue impedance; R_- the capac-
itive component of tissue impedance; p — the specific com-
ponent of biological tissue; L — the length of the current
path; S - cross-section for current flow; C — the capaci-
tance; o — current frequency.

The total resistance in a current circuit is the imped-
ance Z, which is defined by formula (3):

Z=VRZ+R> ©)

Electrical substitution circuits are constructed depend-
ing on the connection of active and capacitive resistances,
which correspond to their mathematical model, which
should reliably describe biophysical processes in biological
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tissue. Traditional circuits are used to study the effect of
voltage of different currents. Figure 4 shows the traditional
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electrical circuits for replacing biological tissue used in
the above works.

a)

H 15

) LN |

I

Figure 4. Traditional electrical circuits for biological tissue replacement, where R — active resistance in the intercellular
space, R, — active resistance of tissue cells, C - capacitive component of the cell

Scheme A (Fig. 4a) is the simplest fabric replacement
scheme. The input impedance - Z, , is given by formula (3).
This scheme is not practically used in DC studies because,
in the steady-state mode of the input current, I, tends to
0, since the impedance Z, | —e. This, when using this sub-
stitution scheme, gives significant deviations and errors
of experimental measurements from theoretically calcu-

lated ones. 1
RR. _ R

R+R;  R+—

Zian = (4)

Analysing expression (4), we see that at the initial time
t=0, R, = %—M,the input current I, tends to infinity
I, ,—, since the active component of the impedance R
is shunted. The use of this substitution scheme has sig-
nificant deviations and errors from experimental meas-
urements when studying the transient process of imped-
ance change.

For the substitution scheme (Fig. 4c), the input imped-
ance, Z, ., in the transient process has the form:

inp3’
cRZ4 (2
PO s )
in :
P e RE+()?

Replacement scheme (Fig. 4¢), is a common model
for AC voltage studies, but when studying the transient

a) ||

process under the action of DC voltage at the initial
switch-on (time point equal to zero t=0), given that the
active component of the tissue cell impedance is less than
the active component of the cell impedance R<R,, the input
current I, will be limited by the active component of the
impedance R;,3 = :+—F;11, since R, .<R<R,.The input cur-
rent I, should exceed the steady-state value by several
times, which is not observed in practice. In both schemes
(Fig. 4b) and (Fig. 4c), at the initial moment of current flow,
it causes the release of heat that can harm the tissue (local
overheating [23]), which is not observed in practice. The
use of a substitution scheme (Fig. 4c) also causes devia-
tions and errors in experimental measurements from the-
oretically calculated ones.

To create a mathematical model that allows analysing
transient ionisation processes under the action of DC volt-
age in tissues, the authors used the substitution scheme of
Figure 5. Study of transient ionisation processes in tissues
under the influence of DC voltage with different blood flow
and different amounts of ions in the same volume, a tour-
niquet was applied to one paw of a guinea pig. The substi-
tution scheme of Figure 5b corresponds to physicochemical
processes with a reduced amount of ions, the simula-
tion of ischemia is the scheme of Figure 5a, this scheme
corresponds to the study of healthy biological tissue.

b) [ 1

Figure 5. Electrical schemes of biological tissue replacement: a) without a tourniquet; b) with a tourniquet applied

In Figures 5a and 5b, R, is the active component of
the impedance in the intercellular space, R, and R, are the
active components of the impedance of tissue cells without
and with a tourniquet, C is the capacitive component of the
impedance of tissue cells without a tourniquet, which char-
acterises the process of ionisation in healthy biological

tissue, and C" is the capacitive component of the impedance
with a tourniquet. At the initial switching on (time point
t=0) (scheme of Fig. 5b), taking into account the switching
law [24], is replaced by the equivalent scheme of Figure 6.

Figure 6 shows an equivalent replacement circuit to
Figure 5a.
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=
a d
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»r—
L m b
O
e -
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Figure 6. Electrical substitution scheme that takes into account the ionisation process
Note: E,_ is an electromotive force caused by the ionisation process, caused by the movement of free charged ions under
the action of the source electric field. a, d, m, b are potential points. The voltage applied to the biological tissue is U =¢_-¢,.

¢, and ¢, are the potentials at points a and b. The directional vector E,  is opposite to the vector U,

» I, is the current flow-

ing in the area with the active impedance component R,, I, is the current flowing in the area with the capacitance

ion

According to the first Kirchhoff rule for the nodal
connection at point d, Figure 6, the current balance is as
follows:

Iinp+IZ_Iion=0' (6)

The voltage balance, according to Kirchhoff’s second
rule, looks like this:

U =AU +AU,. (7)

Where AU, AU, - voltage drop on the active impedance
components R iR,.

Equation (2), which characterises the change in E,_, taking
into account the boundary conditions, is written in the form:

dEion 4 (1 v,
e TG Eo ®

where E, - is the value of the electromotive force of ionisa-
tion in steady state and is equal to AU,=U,, .
E=IR,=I-R,, worthy of the replacement scheme
(Fig. 6), for the moment of time =0, I=I..
The solution with respect to E,  is known [24] and has
the form:

t
Eion = Eg (1 —e ma1), )
R

1

where 1, —is the time constant of the ionisation process for the
biological object under consideration and is equal to t, ,=C'R,.
Let us write equation (2) in the form:

t
Uap =AU, + Eo(1 — e 71). (10)

According to equations (1), (4), (5), the input current is
determined by the expression:

Uap Uap

[1=—=—

__t Zi
Ry+ Ry(1—e T41) inp4

(11)
where Z, , - is the input impedance of the biological tissue
and is defined as:

t

Zinpa = Ry + Ry(1—e ma) 12)

It was verified the correctness of the choice of the elec-
trical replacement circuit that describes the physical pro-
cesses in the tissue and the obtained dependencies (10),
(11), and (12) by transforming the diagram of Figure 6 for
each boundary condition.

The first boundary condition is time t= 0, and, according
to the law of switching in transients [25], E, =0, and I =I,.

The substitution scheme for this boundary condi-
tion t=0 (the initial moment of the transient) is shown in
Figure 7.

— ]

a
—>
Il

RZ
e
m b
—
IZ
-
I

inp

Figure 7. Scheme of biological tissue replacement for the first boundary condition
Note: ], is the current flowing in the active resistance R,, I,=0 since it is shunted, I,=I, is the input current for the first

boundary condition

Thus, expression (12) is a mathematical model of the
impedance change for the substitution Figure 5a). The input
current is determined by expression:

Ua
11 = Iinp = R_lb (13)

and has a maximum value and is limited by R, - the active
component of the impedance in the intercellular space. The
second boundary condition at time t— is the steady state,
with, according to the law of switching in transients [25],
I =0,E =AU=U, .
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Figure 8 shows the substitution scheme for the second
boundary condition.

R R

1 2

.

I

1

Figure 8. Scheme of biological tissue replacement for the

second boundary condition, where I,=I, |

The input current is defined by the expression:

Uap
R+ Ry’

11 = Iinp = (14)
Using the same calculation algorithm as for the
replacement circuit in Figure 5a, it was obtained mathe-
matical models of impedance change over time for the elec-
trical replacement circuits shown in Figures 4a, 4b, 4c.
For the replacement circuit shown in Figure 4a,
the mathematical model has the form:

t

Zinp1 = Re i, (15)
where R is the total component of the active impedance
resistance, which consists of the active impedances of cel-
lular and intercellular connections.

1,, — is the time constant determined by the formula
7,,=CR.

The performance of the mathematical model of expres-
sion (15) is checked for the boundary conditions:

The moment of time is zero t=0, Z. =R.

The moment of time is t—e, Z, | I?)p.l

The mathematical model meets the requirements of the
boundary conditions.

Due to such regularities of impedance changes, this

replacement scheme is not used in practice.

/

risistance R/kOm
N

0 10 20 30 40 50 60 70 80
time second
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For the substitution scheme shown in Figure 4b,

the mathematical model has the form:
t

Zinpz =R(1—e_a), (16)

where R is a component of the total active impedance resist-
ance, which consists of the active impedances of cellular and
intercellular connections.

1,, — time constant - determined by the formula 7, =C.R.

The performance of the mathematical model of expres-
sion (16) is checked for the boundary conditions:

the moment of time is zero t=0, Z, =0,

inp.1
the moment of time is equal to t—x, Z_ =R.

The mathematical model meets the requirements of the
boundary conditions.

To obtain the mathematical model, the substitution
scheme shown in Figure 4c, it is advisable to use the elec-
trical conductivity — Gyp3 = L

For the substitution sclﬁeme shown in Figure 4c,

the mathematical model is as follows:

1

t
Ginps = 5+ 7€ ™0 7

where 1, | - is the time constant determined by the formula
17,,=CR,. R and R, - correspond to the marks of the active
resistance diagram of the substitution circuit Figure 4c.

The mathematical model was tested for boundary
conditions:

the moment of time is zero t=0,

1 1 R'R
GZE R_l!Zinp3=FR11;

the moment of time is equal to t—, Z,_ =R.

The mathematical model meets the requirements of the
boundary conditions.

To analyse the correspondence of the experimentally
obtained results of the impedance change over time with the
results obtained using mathematical models, formulas (12),
(16), (17), and the substitution schemes shown in Figures 5a,
4a, 4b, 4c, we constructed graphs of the dependence R=f(t),
which are shown in Figure 9.

- the graph is
constructed for the
mathematical model,
formula (12), Figure 5a

the graph is based on
experimental data

— the graph was
constructed for the
mathematical model,
formula (16), Figure 4b

= the graph was
constructed for the
mathematical model,
formula (17), Figure 4c

90 100 120

Figure 9. The graphs of the dependence R=f(t) for substitution schemes
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To analyse the effect of the number of ions on changes
in the conductivity of biological tissue, the scheme under
consideration is shown in Figure 5b. The tourniquet applied
to the guinea pig’s paw stops blood flow in the tissue and
prevents the flow of free ions. Such a study is important for
determining the dynamics of ischaemia in the limbs and
determining the time of the tissue’s limiting state when
a tourniquet is applied during domestic, industrial and mil-
itary injuries

As is known from [8; 12], the main component of the
biological tissue environment is blood, which is a solution
of electrolytes. For example, blood plasma contains 0.32%
NaCa, where the concentration of Na+ ions is 142 mmol/I,
and K+ - 5 mmol/1. Current is a directed movement of pos-
itive and negative ions, which is defined for an electrolyte
solution according to [4] as follows:

j.=q-n-v; j=q-n-v, (18)

where g, is the positive charge of the carrier, q_is the nega-
tive charge of the carrier n_, n_are the number of positively
and negatively charged ions, v, v_are the concentration of
positively and negatively charged ions, respectively.

The total current will be equal to: The total current will
be equal:

G=j.tj =q-n-vtq-n-v. (19)

Expression (18) indicates that the electrical conductiv-
ity of biological tissue is proportional to n_, n_— the num-
ber of positively and negatively charged ions and v, v_-
the concentration of positively and negatively charged ions,
respectively.

The rate of orderly movement of ions is directly pro-
portional to Eion, which is caused by the movement of free

a 1

charged ions under the influence of the source electric field
and is defined:
V=gE

ion’

(20)

where g - coefficient of proportionality of media mobility.
The specific electrical conductivity 6 for an electrolyte
is written in the form:
6=§ =b, n, v,+b_-n_-v_+b-n-v. (21)
The input impedance of the biological tissue for the
scheme of Figure 5c with a limited number of ions, having
carried out similar calculations as for the scheme of Fig-
ure 5a, is determined by the expression:

t
Zips = Ri+ Ry(1—e ),

inp4 (22)
where T, | - is the time constant of the ionisation process
for a biological object with a reduced number of ions and
is equal to 7, =CR,.

The analysis of expressions (20), (21), (22) shows that
the ionisation process time constant t, =C-R, directly
depends on the number of charged ions, their concentra-
tion in the biological tissue, the level of intensity E, , the
composition of salts in the biological tissue and is a con-
stant value characterising the course of this process.

Biological tissue is complex and heterogeneous in com-
position and environment. Tissue contains not only sodium
and potassium, but also other ions. The introduction of new
elements (active resistances and unities) into the substitution
scheme will allow us to study biological tissue with any ion
composition. Figure 10 shows a substitution scheme for a bio-
logical tissue with a heterogeneous composition of n ions.

m_m b

Figure 10. Scheme of replacement of biological tissue containing n-ions

Note: R, R

1

R, - active components of impedance in the intercellular space, R, R

,» Ry, — active resistance of tissue cells

in a complex medium, C, C, C, - capacitive component of impedance of tissue cells in a complex medium

Using the device, Figure 2, for invasive imped-
ance measurement, data on changes in tissue impedance

Table 1. Results of studying the change in impedance over time depending on the distance between the needle electrodes

over time for different distances between needle electrodes
were obtained, which are presented in Table 1.

L=1cm  1.30 2.78 3.76 4.32 4.85 5.17 5.37 5.46 5.6 5.7 5.71 5.72 5.73
L=3cm 1.65 3.16 4.10 4.65 5.16 5.42 5.67 5.86 5.99 6.13 6.34 6.34 6.42
L=5cm  1.90 3.49 4.33 4.92 5.25 5.60 5.93 6.13 6.25 6.45 6.58 6.65 6.65

Machinery & Energetics. Vol. 13, No. 4




In Figure 11 shows the graphs of impedance changes in
the transient period depending on the distance L between
the needle electrodes, which were obtained experimentally.
The studied biological object was not damaged after the
completion of the research.

To investigate the use of the ionisation time con-
stant as a diagnostic criterion, impedance changes

risistance R/kOm
— [\ wl [N w (o)} ~3

o

0 10 20 30 40 50 60 70 80

time second

V. Kryvonosov et al.

were measured simultaneously invasively on two limbs in
identical locations. A tourniquet was applied to one limb.
Table 2 shows the results of the study.

In Figure 12 shows a graph of tissue impedance
changes as a function of time. The tourniquet was applied
to one paw, and the blood circulation was stopped for
30 minutes.

graph of resistance change
at a distance of 5 cm
between the electrodes

= graph of resistance change
at a distance of 3 cm
between the electrodes

- graph of resistance change
at a distance of 1 cm
between the electrodes

90 100 120

Figure 11. Dependence of the change in impedance R=f(t), depending on the distance between the electrodes
L=1 cm, L=3 cm and L=5 cm

Table 2. Impedance change measurement data over time

Time, sec

Limb without tourniquet 0.43  1.26 195 242 2.78 317 338 359 376 398 412  4.27 4.4
Limb from a tourniquet 1.1 289 382 453 512 565 6.06 650 679 717 746 769 798
9
8 .
=== graph of changes in tissue
= 7 impedance with a
S 6 tourniquet applied
= s
3]
g 4
g ==== graph of changes in tissue
5 3 impedance without
= 9 tourniquet application
1
0 0 10 20 30 40 50 60 70 80 90 100 120

time second

Figure 12. Graph of changes in tissue resistance depending on time,
the tourniquet is applied to one paw for 30 minutes

Thus, this paper considers the issue of obtaining pat-
terns of changes in the impedance of biological tissue under
the influence of DC voltage in the transient process as an
information parameter for the rapid diagnosis of limb muscle
ischaemia. The authors proposed the introduction of an addi-
tional active resistance into the known electrical substitu-
tion circuit, which is traditionally used in AC voltage studies.

DISCUSSION

In well-known works, the issue of the influence of voltage
of variable amplitudes and frequencies on biological tissue

and the application of the obtained results for the diagnosis
of a disease and its treatment is thoroughly studied. In [3;
9], the substitution scheme shown in Figure 4b. In [2; 6; 10],
the substitution scheme shown in Figure 4c.

To substantiate the introduction of an additional active
resistance in the proposed electrical substitution circuit,
mathematical models for known substitution circuits were
built and the change in R=f(t) was analysed. Analysis of the
results of the correspondence of the physiological process
for the substitution schemes, Figure 4b and Figure 4c, and
their corresponding mathematical models, expressions (15),

Machinery & Energetics. Vol. 13, No. 4
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(16), and (17), with the substitution scheme proposed by the
authors, Figure 5, and the mathematical model, expression
(12), for the transient mode under the action of a DC volt-
age, was carried out by comparing the compliance coeffi-
cient - q, which is determined by Eq:

q= (1 —j—) 100%,

inp i

23)

where S, - is the result of integration of the experimentally
obtained function Z=f(t), which is defined by the expression;
S =[%Z  dt;S. .- theresultof integration of the function

inpi inpi

Z=f(t) of each mathematical model. S, =[;"Z, dt.

The numerical values used in the integration were
obtained as a result of experiments, so the ionisation time con-
stant is 1=25 seconds, the active components are R =1,3 kOm,

R,=4.43 kOm. The calculation results are shown in Table 3.

Table 3. The results of calculating the compliance ratio

The proposed replacement

scheme is shown in Figure 5

The substitution scheme is

The substitution scheme is

shown in Figure 4b, shown in Figure 4c,

The value of the matching

0O,
coefficient. 2.8%

used in [5; 8; 10] used in [3; 6; 14]

13.8% 18.7%

The proposed electrical substitution scheme and
its mathematical model have a convergence with experimen-
tal data of up to 3%, depending on the traditional substitu-
tion schemes, which have a convergence of 13% and higher.

Thus, the introduction of an additional active resist-
ance in the electrical circuits of biological tissue replace-
ment, under the action of a DC voltage, allows to study the
transient ionisation process and increase the reliability of
the results obtained in determining the impedance compo-
nents with a reliability of £3%. The field measurements of
the impedance change during the transient process allowed
us to confirm that the ionisation time constant is equal to
T= %Tion with a probability (P=0.95), where T, is the tran-
sient time. This allows us to more reliably determine the
capacitive component of the tissue under study. The capac-
itive component for the proposed substitution scheme is
C= 4% =5,64-10-3F, for the traditional substitution
schemes C = % = 4,16 - 10-°F, and the difference is 35.5%.

An analysis of expressions (12), (15) and (16) and
the graphs in Figure 9, shows that traditional substitution
circuits should be used for studies under the action of volt-
age of variable frequencies and amplitudes, as well as in
steady-state modes under the action of DC voltage. To study
the transient process, it is necessary to use an adjusted elec-
trical substitution scheme.

In the reviewed and analysed results of well-known
works [5; 8; 10] and [3; 6; 14], the invasive method of meas-
uring the impedance of biological tissue is not considered.
The analysis of the obtained data of the impedance compo-
nents by the invasive method, shown in the graph (depend-
ence R=f(t) for different distances between electrodes in Fig-
ure 10), shows that the active component of the impedance,
both intercellular and cellular, varies according to a linear
law depending on the distance between the electrodes,
which corresponds to the pattern according to formula (1).
The capacitive component, formula (2), which leads to the
transient process caused by ionisation, does not change. The
sensitivity of the needle sensor increases by (8-9)% when
the distance between the electrodes is reduced by every
AL=1 cm. To study the change in impedance in an invasive
way, it is sufficient to have a distance of -1 cm between the

needle electrodes, which makes the sensor compact and less
traumatic.

The theoretically obtained dependence R=f(t) accord-
ing to expression (12) for the proposed replacement cir-
cuit shown in Figure 5 gives the right to assert that at the
initial time (t=0), the resistance of biological tissue is not
zero, which is confirmed by experimental data. The addi-
tional resistance of the replacement circuit corresponds to
the active resistance of the intercellular space, which limits
the initial input current, so the active resistance at the ini-
tial time (¢=0) is within 1-2.0 kQ.

The authors first proposed a method for diagnos-
ing changes in the properties of biological tissue in case
of blood flow disorders using a direct current voltage in
the transient ionisation process. Papers [6; 16; 17; 27; 28]
consider methods of using impedance changes to diagnose
and determine the composition of biological tissue with
subsequent treatment of deviations. Paper [26] presents
a method for diagnosing skin myeloma. All of these meth-
ods use AC voltage and frequency, which requires sophisti-
cated equipment and a certain amount of time for research.
The article proposes a method of rapid diagnosis - the
diagnostic period takes from 100s to 120s, which does not
require sophisticated equipment.

The proposed method is based on the comparison of
two simultaneously obtained integrated functions q of
healthy and diseased tissue and the analysis of the rela-
tivity coefficient -q, which is determined by the formula

q=(1 —i—) -100%:

Where S, - is the result of integrating the function
Z=f(t) without a tourniquet; S’ - is the result of integrating
the function Z=f(t) with a tourniquet applied.

If the relativity coefficient is g=0£0.05%, this indicates
unchanged properties of biological tissues in both limbs.

If the relativity coefficient varies — g=0.05% to 1, it indicates
changes in the properties of biological tissues in both limbs.

At a value of g=0.5 and below, it indicates the presence
of irreversible processes of ischaemia in muscle tissue.

The data presented in Table 2 and the graphs shown
in Figure 12 show that the comparison of two integral
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ionisation functions in biological tissue without a tourni-
quet and in tissue with a tourniquet is a criterion parameter
for diagnosing the development of ischaemia.

CONCLUSIONS

Traditional electrical substitution circuits and their cor-
responding mathematical models should be used to study
changes in biological tissue under the influence of alter-
nating frequency voltage or in steady-state mode under the
influence of direct current voltage. When using these sub-
stitution schemes to study the transient process under DC
voltage, the error of the results obtained is 13% and higher.
To study ionisation transients under DC voltage, it is nec-
essary to use a corrected electrical substitution circuit with
an additional active resistance. The introduction of an addi-
tional active resistance made it possible to obtain a conver-
gence of the experimentally obtained measurements with
the analytically obtained results up to +3%, which indi-
cates that the developed mathematical model is suitable
for describing the transient process occurring in biological
tissue under the action of a DC voltage.

It is analytically confirmed that the ionisation time con-
stant can be determined with confidence (P=0.95) from the
experimental data as T = %Tion, where T, is the time of the
transient process.

The mathematical model of the corrected electrical
substitution scheme allowed us to obtain numerical val-
ues of the capacitive components of the impedance. The
reliability of the determined capacitive component of the
impedance compared to traditional substitution circuits and
their corresponding mathematical models increased by 35%,
which made it possible to determine and control the compo-
sition of biological tissue. Based on the results obtained, an

V. Kryvonosov et al.

electrical substitution circuit was developed for the complex
composition of the biological environment.

Based on the results of the transient process study,
a method for detecting changes in the properties of biological
tissue in case of circulatory disorders was developed. The time
of the transient process is 100s-120s, which allows for rapid
diagnosis of ischemia of the patient’s limb muscle tissue.

The method is based on the comparison of two simul-
taneously obtained integrated functions of healthy and dis-
eased tissue and the analysis of the relativity coefficient -q,
which is determined by the formula q = (1 - iﬁ) -100% ,
where S, is the result of integrating the function Z=£(t) with-
out a tourniquet, S’ is the result of integrating the func-
tion Z=f(t) with a tourniquet. If the relativity coefficient is
q=0+0.05%, this indicates that the properties of biological
tissues in the two limbs are unchanged. If the relativity coef-
ficient varies from 0.05% to 1, it indicates changes in the
properties of biological tissues in both limbs. At the value
of g=0.5 and below, it indicates the presence of irreversible
processes of ischaemia development in muscle tissue. Thus,
it was established that when simultaneously measuring the
change in impedance in two identical limb areas, the ion-
isation time constant is a criterion parameter in the study
of ischaemia development.

The obtained results of experimental and analytical
studies have shown that, depending on the set tasks
and goals of studying changes in biological tissues, elec-
trical substitution schemes adequately describe the phys-
iological processes of a biological object when corrected.

The development of rapid diagnostic methods based on
data obtained in the transient processes of biological tis-
sue ionisation requires further research together with the
results of changes in tissue properties obtained by biopsy.
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Kangmpat TexHiYHMX HAyK
HarionanpHMit yHiBepcUTET 6iopecypciB i mpupomoKopucTyBaHHS YKpainm
03041, Byn. lepoiB O6oponu, 15, M. Kuis, Ykpaina
Jlinist BonogumupisHa MapTUHIOK
HamionanpHuit yHiBepcuTeT 6iopecypciB i mpupomoKkopmcTyBaHHS YKpainu
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O6Ir'pyHTYBaHHS eJIeKTPUYHOI cXxeMm
3aMilleHHs 6ionoriyHoi TKAaHUHM NpPU Aii Hanpyru NocTiMHOro CTpymy

AHoTaUiq. 3miHa iMmegaHcy 6i070TiYHOT TKAHWHM TTi[] i€10 HATIPYTY BUKOPUCTOBYETHCS B AiarHOCTUIII Ta JiKyBaHHI
pi3HMX 3aXBOpIOBaHb. MaTeMaTUYHi MOJIeIi, [0 OMMUCYIOTh (i3nKo-6i0M0TiuHI Iporieck B 6i0/0TiUHMX 06’€KTaX, 3aCHOBaHI
Ha eJIeKTPUIHUX cXxeMax 3amilleHHs. MeTolo 11iei po6oTu 6y/10 AOCTiIKeHHS 3MiHM iMIleaHCy 6i00riuHOl TKAHMHU B
nepexigHOMY ITpolieci ioHi3alii mif gi€lo Harmpyru MoCTiiitHOro cTpyMy. B po60Ti 3acTocoBaHO 6ioiMIIeHIaHTHIUIT METO[L
MpY BIUIMBi Ha 6iO/IOTiYHY TKAHMHY HAMPYTU MOCTiTHOTO CTPYMY 3 ypaxXyBaHHSIM 3aKOHY KOMYTallil y mepexigHux
npoliecax ioHisairii. Bysio mpoBegeHo aHami3 BifoMux cxeM 3aMillleHHS BUSIBJIeH] HeIOIiKY iX 3aCTOCYBaHHS MPU BUBUEHi
TepexigHMX MpoLleciB ioHi3alii B TKAaHMHI NP Aii HATIPYTM MOCTIHOTO CTPYMY Ta OOGIPYHTOBAHO, SIK aHAJITUYHO TaK
i excriepMMeHTa bHO, CXeMY 3aMillleHHS i3 3aIIpOBaJi’KeHHSIM I0JaTKOBOTO Omnopy. byso 3ailicHeHO iHBa3iitHNUI1 BUMIp
3MiHM iMITeaHCYy TOTYaCTVMMU eJIeKTPOLaMMU, I0BeJeHO, 10 aKTUBHA CK/Ia/l0Ba IPOINOPLIiiHO 3aIeXXUTD Bif, BiACTaHi MexX
eleKTPoJaMu, a EMKiCHa CKJIaJ0Ba 3a/IMILIAE€ThCsl He3MiHHOM0. [Toka3aHo, 1110 MOCTiliHa yacy ioHi3allii € KpiTepiaJbHUM
rapamMeTpoM Ta MOXXe BUKOPUCTOBYBATUCh B IiaTHOCTUIIi PO3BUTKY illIeMiuyHOi XBOpO6M M’SI30BOi TKAHWHM, 3MiHa CTAHY
6i0/IOriuHOI TKAHVHY MIPY 3YNMHIII KPOBOTOKY ITiJ] Yac HAK/IaJaHHS KPOBOCIIMHHOTO IKTyTa. loBeeHo, 10 MOCTiliHa yacy
ioHi3allii He 3MiHIOETHCS TP HE3MiIHHOMY iOHHOMY CKJIaly TKAHUHY i MOKe BUKOPUCTOBYBATHUCS TIPU aHAMi3y CKIaLy
MIDKKIITUHHOTO MPOCTOpPY. Bys0 MpoBegeHo ogHOUacHe iHBa3iliHe BMMipIOBaHHS Y ABOX iI€HTUYHUX MiCISIX Pi3HUX
KiHIIiBOK, Ha OfiHi€i 6y/I0 HaK/IaeHO KPOBOCIIMHHMIA IKTYT. OTpMMaHi pe3yJabTaTy JO3BOJIUIN 3pPOOUTM BUCHOBKM, 10 3MiHA
nocTiitHoi yacy Bif, 15 % mo 50 % y mopiBHSIHHI IBOX MOCTiHUX Yacy TO3BOJSIE POOUTH eKCIIpec AiaTHOCTUKY, IIPOTATOM 2
XBWIVH, CTaHy 6i0/I0TiYHOI TKAaHVHY i MOXKe BUKOPUCTOBYBATHCDH IIPY BUBUYEHHI PO3BUTKY XBOPOOM TIOB’SI3aHMX 3 illleMi€ro.
Pe3ynbTaT DOCTiIKeHHS] MOKYTb BUKOPMCTOBYBATHUCS ITPY €KCIIPeC AiarHOCTUIIi CTaHy 6i0/I0TiuHOTO 06’€KTY Ta CTBOPEHHI
He JOPOToTo MpuIafy Jijisl 0ro 3aCTOCYBAaHHS B Xipyprii Ta JOCTiIHUX 1ab0opaTopisx Mpy BUBYEHI PO3BUTKY ilemii

KniouoBi cnosa: iMnenatc; mepexigHnii mpoiiec; mpoiiec ioHisaiii; omip KIiTMHM; eMHICTb; TOCTiliHaA Yacy ioHisarii;
JIiaTHOCTMKA; ireMist
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