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Abstract. An article describes research of conditions and development of an experimental
complex for check and calibration of measuring devices of parameters of the central hemodynamics
on the basis of bioimpedance changing. The most promising and widely used method is the method
of impedance cardiography, which consists in passing a low-current (0.5... 5 mA) high-frequency
(20-200 kHz) signal through the thorax, and measuring the voltage drop due to dynamic changes in
the bioimpedance of the chest under time of ejection of blood by the heart. The possibility of
modeling the impedance of the thorax was investigated, and on the basis of the obtained results, an
electrical equivalent circuit was developed. The hardware and software parts of the experimental
complex has been developed, which allows to model the basic impedance of the thorax and its
dynamic change during the ejection of blood by the heart in the range from 50£2 to 1000£2. The
complex also includes an ECG signal generator, as most measuring devices of this method use the
ECG signal curve to find reference points for further calculations.

Key words: hemodynamics, cardiac output, parameter monitoring, thoracal electrical
bioimpedance.

INTRODUCTION

Determining the parameters of hemodynamics is an important and acute topic
nowadays, because only data of these parameters can accurately characterize the state
and efficiency of the human cardiovascular system. The main parameter is the minute
volume of blood circulation, or cardiac output (CO) — amount of blood that the
heart pumps in 1 minute.

Historically, methods for determining hemodynamic parameters were invasive,
which required the introduction of a measuring instrument into the circulatory
system. Invasive methods have many disadvantages, such as the possibility of
infection, the possibility of damage to vital organs, the dependence of the result on
the actions of the operator, and the impossibility of long-term measurement. But to
date, the method of thermodilution, which is invasive, is used, and recognized as the
"gold standard" for measuring the parameters of human hemodynamics. Today, non-
invasive measurement methods are being developed that will obtain data from
electrodes attached to the human body without damaging it. These methods eliminate
the disadvantages of invasive, but still not recognized their correlation with the
method of thermodilution.
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When developing new devices of measuring cardiac output based on changes in
bioimpedance, there is a need to perform comprehensive testing and calibration.
Since the primary signal is electrical resistance, it is possible to use an electrical
equivalent circuit to build a model of chest impedance.

Not many scientific papers describe this topic. Proposing a new approach to the
experimental complex, existing publications and developments were studied
[1,2,3,4].

BIOIMPEDANCE MEASUREMENTS

The most promising non-invasive method of measuring cardiac output is the
method of impedance cardiography, which is based on measuring changes in
bioimpedance. During systole, blood enters the chest area, which causes a change in
bioimpedance. The obtained values of the change in impedance can be used to
estimate the amount of cardiac output using appropriate model of blood flow.

The method of impedance cardiography uses two pairs of electrodes, one of
which is conductive and the other measuring. Low-amplitude (0.5... 5 mA) high-
frequency (20-200 kHz) current is supplied through electrodes, as at frequencies of
20... 200 kHz blood is the most electrically conductive tissue structure. The voltage
is measured at the other pair of electrodes. The obtained data make it possible to plot
the impedance change. Using the graph of impedance changing, the time derivative
of the change, and certain characteristic points, it is possible to calculate the
magnitude of stroke volume and cardiac output, as shown in Figure 1.
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Figure 1. Graph of thoracic impedance and ICG wave with their characteristic
points

Characteristic points for determining the cardiac output: point C is the maximum
of the curve, point B is the intersection of the curve with zero value, and point X is
the local minimum after point C [5]. Several mathematical models have been
proposed by various authors to estimate the impact volume using these characteristic
points. The most common is the Bernstein-Sramek equation (1):
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In this equation, SV is the stroke volume, ie the amount of blood per heart
contraction, the distance between the electrodes H is assumed to be 17% of the
patient's height. The coefficient J is the actual weight of the patient divided by the
ideal weight, which was derived by Bernstein [6], Trye - time of ejection of blood in
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the left ventricle, the interval B-X in Figure 1, Z - base chest impedance, (dz/dt)max -
maximum derivative in time [7].

CO=SVIHR. (2)

To determine cardiac output (CO), the stroke volume (SV) must be multiplied
by the heart rate (HR).
ELECTRODES

The patient's electrodes are used to conduct electronic charges between the
measuring device and the human body. In clinical practice are mostly used electrodes
with a gel. For further modeling, it is necessary to present the patient-electrode
contact in the form of an electrical equivalent circuit. In the general case, the circuit
consists of three main components: the conductivity of human tissues and fluids, the
conductivity of human skin and metal part of the electrode in contact with the skin
[8]. An additional circuit is the electrolyte between the metal part of the electrode and
the skin: a solid, viscous or liquid gel. The equivalent scheme (Fig. 2) presents by RC
circuit describing the electrode, the resistance of the electrolyte between the
conductive metal part of the electrode and the layer of the epidermis, and other
circuits that are result of the tissues structure.

Epidermis

Dermis [] Rd

Figure 2. Equivalent scheme of electrode-patient interface

The total resistance for entire equivalent patient-electrode circuit can be
calculated by the formula:

R, Re
}Zel_—I+Rgel+—p+Rd 3)

T 1+jwRaCer 14w RopCop

Enc 1s the half-cell electrode/gel potential, C¢ is modeled accumulated charge
between the electrode and the skin, R 1s the resistance between the electrode and the
skin during charge transfer, and R 1s the resistance of conductive electrolyte (gel).

THORAX IMPEDANCE

The impedance of the thorax consists of extracellular space and intracellular
fluid. It has a frequency dependence, ie in the low frequency range (1-70 kHz) the
capacity of the intracellular fluid has a large value of impedance, and electric current
flows mainly through the extracellular fluid, and in the high frequency range (70 kHz
- 1 MHz), when the impedance of the intracellular fluid decreases, the current flows
through both the intracellular fluid and the extracellular fluid, depending on their
relative conductivity and volume [9]. The electrical equivalent circuit of the thorax
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tissue consists of a resistor representing the extracellular space and a parallel resistor
representing the intracellular space connected in series with a capacitor simulating the
insulating properties of the cell membrane, which is schematically shown in Figure 3.
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Figure 3. Electrical equivalent circuit of current flow through intracellular and
extracellular fluid

Cole's model is valid for measuring body parts like thorax [10]. Since two pairs
of conductive i(jo) and two pairs of measuring electrodes u(jw) are used in the
measurement, the total resistance can be calculated according to Ohm's law (5):

7 '-__'(10))
(jo) (4)
Using the Cole model, the frequency resistance is described as follows:
1
z—‘_’(f"’)—mmj‘”cm)—( R AR+ )
iJo) p,py !l R+R 7 1+joC(R+R)
e i jﬁ)cm , (5)
with the following real and imaginary part:
2 2
Re{z}zﬁiﬂ) tim’:‘f’?e(’?’;@) , (©)
1+oC (R+R)
m{Z}=- oCR (7)
1+0’CH(R+R)’

It should be noted that since only the absolute value is measured at a fixed
frequency, the equation for the base resistance will look like:

- . R+ RRo’
Zn(m)=|2(1m)|=\/ Tkl L

1+C:o*(R+R)*

EXPERIMENTAL COMPLEX

To test and calibrate measuring devices for measuring hemodynamic parameters
based on changes in bioimpedance, an experimental complex was developed that
reproduces the measurement of bioimpedance by modeling electrical processes of the
human body, specifically thorax, in the form of an electrical equivalent circuit.

A Cole model was used to represent the thorax impedance. Below is a schematic
representation of places of application of electrodes (Fig. 4) for one measurement
channel and the electrical equivalent circuit of the chest to measure the change in

(8)
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bioimpedance for one channel (Fig. 5), for the left part of the thorax measurement
scheme will be similar.

Generated
Current

Umes_2
Igen_2

Figure 4. Schematic representation of the location of the electrodes on the chest.

In the simulation should take into account the need for possible changes in
baseline impedance for signal simulation capabilities for patients with different
height and body composition [11]. To simulate the base impedance and impedance
changes during time heart rate using variable resistance R., for simulate of patient-
contact electrode using variable resistance Z.. Since an ECG signal is required to
determine the reference points for calculating hemodynamic parameters by measuring
the changes of biompedance, an ECG signal generator was used - Ucg.
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R2
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R3 :
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Figure 5. Electrical equivalent circuit of the chest to measure changes in
bioimpedance.

To implement a dynamic change for bioimpedance Re, was implemented a
circuit from digital two-channel potentiometer AD8402, controlled by a
microcontroller. This scheme allowed to obtain the necessary combinations of
resistance in the range from 50Q to 1000Q2, with adjustment resolution of 3.9Q. The
connection diagram of the digital potentiometer for the two channels (right and left)
is shown in Figure 6.
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Figure 6. Wiring diagram AD8402

The appropriate range of resistance combination was calculated based on the
measured values of the change in the impedance of the human thorax. Variable
resistance includes the basic impedance of the thorax Ry, adjustable to human
anthropometric features such as height and weight and dynamic change under the
influence of cardiac output Re, the equation of dynamic resistance of the thorax is
given below (9):

Re=R;+AR.. 9)

To implement the interface impedance of the electrode Z, an RC circuit with
variable resistors was used, due to which it is possible to reproduce situations with
non-ideal contact patient-electrode. Such situations in clinical practice are frequent
and possible while conditions of scin is not proper: sweating, the presence of hair in
the places of application of electrodes or the use of expired electrodes. The Zg
scheme is shown in Figure 7.

Figure 7. Shematic of Ze

Also, an ECG generator is connected in parallel with the thoracal impedance
circuit, as most bioimpedance-based hemodynamic devices use an ECG curve to find
reference points for calculation hemodynamic parameters. The ECG signal generator
1s implemented on the basis of a 12-bit digital-analog output of the controller and two
built-in microcontroller operational amplifiers. This scheme will generate a signal
with an amplitude up to 2 mV. Since the control program is same for changing the
impedance and formation of the ECG signal, this ensures the consistency of the
generated signals. STM32L15RE was used as the CPU, Figure 8 shows a simplified
diagram of the hardware of the experimental complex. The ECG signal uses 2
channel 12-bit DAC with output buffers, the SPI interface is used to control the
digital rheostat, and the UART protocol is used to communicate with the PC with
control program.

The software part of the complex consists of an exchange protocol, resistance
recalculation algorithms and an ECG signal generation algorithm. A simplified
diagram of the software is shown in Figure 9.
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Figure 8. Simplified scheme of the experimental hardware

ECG generation Tables
algorithm > ECG —> ECG generator
Recalculation Tables Re variation
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Communication PC with simulator
protocol control software

Figure 9. Simplified scheme of the experimental software

RESEARCH RESULTS

The study substantiated to form the basic requirements for the creation of an
experimental complex and offers hardware and software solutions for comprehensive
verification and calibration of measuring instruments of central hemodynamic
parameters based on changes of bioimpedance. The proposed solutions allow to
simulate the operation of the measuring device based on the change of bioimedance
in the area of the human body such as the thorax.

These solutions also eliminate possible limitation in the bioimpedance
simulators proposed by other researchers, such as a digital potentiometer can create a
signal of change of thorax impedance a certain shape smoothly and with a clear and
understandable discreteness of 3.9 Q2.

CONCLUSION

The proposed complex will allow testing of existing measuring devices, as well
as allow to validation and conduct experiments while developing new technical
solutions and methods based on measurements of bioimpedance changes. For further
development of the complex, it is necessary to take into account the possibility of
imitation of artifacts - motor, respiratory, effects of electrosurgical instruments,
because under such conditions significantly worsens the correlation of the
bioimpedance method compared to the "gold standard" method of thermodilution. It
is necessary to implement modeling of these artifacts in the further development of
the experimental complex.
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Anomauyia. B Oaniti  cmammi  npogedeHO  OOCHIONCeHHS. YMO8 ma  po3pooKa
eKCNEePUMEHMANIbHO20 KOMNIEKCY O/ Nnepesipku ma KaniOpysauHs SUMIDIOBANbHUX HPUCIPOi8
napamempis YeHmpaibHoi 2eMOOUHAMIKU HA OCHO8I 3MiHU Oiomnedancy. B saxocmi uailbinbuu
NePCneKmuHo20 ma WUpoOKo 3aCMOCO8AHO20 Memody 00pano memooi iMnedanchoi kapoioepadii,
wo noaseae y nponyckawti cirabkocmpymosozo (0,5...5 mA) eucoxouacmomnoeo (20-200 xly)
CUCHANY 4epe3 2epyOHY KIIMKY, ma 6UMIDIO6AHHA NAOIHHA HAanpyeu, wo 00yMosleHe 3MIHOW
OioimMneoancy epyonoi Kaimku nio uac euxkudy kposi cepyem. Bbyno oocniosceno moorcausicmo
MOOeN06an s iMneoancy epyoHoi KIimKu, ma Ha RniOCmasi OMpUMAaHux pesyibmamie 0)10
pOo3pobeno enekmpuuHy eksisaienmuy cxemy. Pospobneno anapammny ma npocpamuy uacmumy
eKCNepUMEHMANbHO20 KOMNIEKCY, WO 00360J58€ MOOen08amu 6a3o8uti iMneoanc epyoHoi Kiimku
ma 1020 OUHAMIYHY 3MIHY Ni0 4ac eukudy Kposi cepyem y oianazoni 6io 502 0o 1000£2. Takoowc y
cknadi Komniexkcy nepeodbaueno cenepamop cuenany EKI, mak ak Oinvbuicmv 6UMIDIOBATbHUX
npucmpois 0aHo20 memoody uUKopucmosyome kpugy cueHany EKI 0ns nowyky onopuux moyox 01
NOOANLUUX PO3PAXYHKIE.

Knwuoei cnosa: cemoounamixa, cepyesutl 6UKUO, MOHIMOPUHS NAPAMEMPIE, MOPAKAIbHULL
eleKmpuyHUull Oioimneoanc.
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