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Multiple electrode array (MEA) systems are the instrument platforms being used for cardiac extracellular
electrophysiology investigation. Key applications of MEA technology are disease modeling and screening of
drug effects. To solve these problems the efforts of many scientists are directed to signal processing and
analysis of field potentials (FP) measured with MEA systems. However, it should be noted the complexity of
interpretation of MEA information in non-invasive field potentials measurements of cardiac cells compared
to invasive action potential (AP) recordings obtained using patch clamp technology. This study is devoted
to the mathematical determination of the relationship between the signals of the electrical activity of
cardiomyocytes: internal AP and external FP. Derivation of equations for transfer functions between AP
and FP is based on field theory. This article provides a solution to the inverse problems of the relationship
between AP and FP. Numerical experiments demonstrate the results of the inverse transformation of
simulated field potentials signals. To denoise the potentials of the extracellular field of cardiomyocytes,
the method combining wavelet transform and processing in eigensubspaces of cardiac cycles is used. The
proposed method, based on transfer functions, can be used to determine AP parameters and expand the
capabilities of data analysis in MEA systems for diagnosing heart disease and assessing cardiac toxicity
during drug development.
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Introduction

In recent years, multiple electrode array (MEA)
technology has been used in a wide range of applicati-
ons: cardiac electrophysiology, neurobiology, and bio
interfaces research. The MEA systems record, amplify,
and analyze signals from biological samples in vitro:
neuronal or cardiac cultures stem cells, and ex vivo reti-
na. These multichannel systems, consisting of a PC, an
interface board, and a MEA headstage, have the ability
to analyze the recorded signals using the included data
acquisition software. The MEA technology is based on
an idea from the 1970s when scientists discovered that
signals of the electrical activity of biological objects can
be recorded extracellularly as the field potentials (FP).
At the same time, the classic patch clamp technology
with an intracellular recording of the action potential
(AP) is used for electrophysiological studies. Although
this technology is the 'gold standard’, it is not suitable
in the early stages of research because it requires skilled
technicians and is a low-throughput system [1-4].

Now, MEA systems are a non-invasive state-of-
the-art tool in electrophysiological research, and the
main applications of MEA technology are disease
modelling and screening for drug effects. Scientists [2]
studied the influence of drugs and the relationship
between FP and AP experimentally by simultaneously
recording FPs and APs of cardiomyocytes plated
on a multi-electrode probe of MEA system and by
using a VSD (voltage-sensitive FluoVolt dye) opti-
cal imaging system. Authors [3] present approach to
record and to precisely control the activity of neurons.
Their method allows for parallel measurements, which
combine an extracellular high-density microelectrode
array for extracellular recording and stimulation, with
intracellular patch clamp recording. In article [4]
authors describe the use of perforated MEAs to record
responses from the retina.

MEA technology is widely used in cardiac
electrophysiology research due to its advantages: long-
term extracellular experiments with repeated recordi-
ngs for hours, low required skills and fast results. In
addition, network information of signal propagation
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and spatial distribution allows to get a map of cardiac
excitation patterns with microelectrode arrays.

1 Literature review and problem
statement

Multiple electrode array systems are developed for
cardiac electrophysiology research to examine newly
developed drugs for potential cardiac toxicity in pre-
clinical safety pharmacology and arrhythmia modeling.

The large number of reviews [5-7] in pharmaceuti-
cal drug market is linked with lengthening of the QT
interval on the surface ECG. The QT interval on the
ECG characterizes the duration of the heart electric
systole, which normally correlates with heart rate and
may depend on the age and gender [8]. In accordance
with [7] prolongation of the QT interval is a major
drug safety problem, which is defined by the Food
and Drug Administration (FDA). Many investigati-
ons [8-12] are devoted to the study of the relati-
onship between prolongation of the QT interval and
drug-induced potentially lethal ventricular arrhythmia
Torsade de Pointes.

It is known [9, 10], that the increase of delayed
repolarization, which affects the QT prolongation,
early afterdepolarizations (EADs) and ectopic beats
are risk factors under standard cardiac safety screening.
A classical electrophysiological method for determi-
ning these risk factors is the patch clamp. However,
this method is characterized by complex and low-
throughput measurements.

Many scientists carry out their research with human
induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs), that are a useful medium for performing
of arrhythmia risk assessments of new drugs [7, 13-
18]. In [13, 14] authors described medium- to high-
throughput non-invasive assay MEA platform, used
to detect external FP in electrically active hiPSC-
CMs. It was suggested to use FP measurement and
evaluation for examination pharmacological toxicity of
newly developed drugs and to analyze combinations of
compounds on cardiomyocytes. In addition, the results
of the study [14] showed the effect of application of
hiPSC-CMs for "personalized” drug screening due to
their identity with genomic background and genetic
mutations of the patient.

The QT interval on the surface ECG represents
the summation of action potentials (APs) of ventri-
cular myocytes; therefore, in the majority of cases,
cardiac pharmacological toxicity evaluation of newly
developed drugs is performed by electrophysiological
methods with measurements of AP parameters: ampli-
tude and action potential duration (APD). Changes in
the AP may induce many types of arrhythmias, among
which the most dangerous is Torsade de Pointes, which
is described by significant lengthening of APD.

The action potential reflects the flow of ion currents
of cell membrane through specialized channels made
of protein complexes [8]. Drug dependent changes in
cardiomyocytes’ APs can be caused by alterations of
currents for Na™ and Ca? ions (I, and Icy,) or several
of currents for KT ions (the rapidly activated Ik, and
slow activated Iks) [13].

The measurement of the cardiac AP and all ionic
currents by the classical electrophysiological patch
clamp method has been studied over several decades
[13]. Prolongation or shortening of AP repolarization
can lead to the corresponding modulation of the QT
interval. The most commonly investigated parameters
in determining of AP changes are the AP amplitude
(APA), the resting membrane potential (RMP), the
maximal rate depolarization (Vmax) and AP duration
at 50% and 90% of repolarization (APD50, APD90
respectively). However, to measure these parameters
accurately the experienced operators are required.

Many investigations [13, 14, 17] are devoted to
multiple electrode arrays, which have been developed
to measure electrical activity in neural and cardi-
ac cells. Now MEAs are being increasingly used to
analyze pharmacological toxicity of newly developed
drugs. Measurement, based on the MEAs, is non-
invasive and user-friendly method with medium- to
high- throughput that records the cardiac extracellular
FPs instead of intracellular APs.

In accordance with [13,14] prolongation or shorten-
ing of FP duration (FPD) corresponds to measured
APD90, but other parameters are difficult to extract
from FPs although they contain a high level of
information. In [13] extraction of this information
have been performed on the basis of relationship
(transfer function) between the AP and the FP. The
authors have conducted an analysis of this relationship
by comparing simulated APs with measured FPs in
hiPSC-CM (exposed to drugs with known effects) using
an electrical circuit model.

So, each of the used methods for early identificati-
on of the arrhythmia risk has advantages and limi-
tations. Authors [17] offered comprehensive screening
strategies, based on the combination several different
in vitro assessments using integrated platform (multi-
ple electrode array, patch clamp, cellular impedance,
motion field imaging, and Ca transient systems),
that will allow researchers to increase cardiac safety.
Furthermore, this multi-parametric platform of cardi-
ac cells should have all the assessments evaluated
simultaneously to predict cardiac disease.

The translation of external FPs to cardiac internal
APs is complex, so in practice the accurate assessment
of drug risks to the heart is still challenging [13,14].
Moreover, the concordance between clinical outcome
and prediction principles using assay platform, based
on the MEAs and hiPSC-CMs is still unsatisfactory
[18].
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Therefore, to get more useful information about the
parameters of FP pulses the study and development
of new approaches to interpretations of measured
FPs and new signal processing methods should
be performed. Due to the importance of the FP
morphology assessment, the method for the inverse
transforms of AP and FP signals must be developed.
In addition, to analyze cardiomyocytes’ FP, obtained
by means MEA technologies, the detection method to
get undistorted morphologies of FP and to interpret
experimental functional properties of cardiomyocytes
in drug screening and disease modeling should be
offered.

2 Determination of mathemati-
cal relationship between action
potentials and field potentials

According to the basics of electrocardiography it
is known, that surface electrodes can detect the small
currents, which represents part of membrane activati-
on of many cardiac cells [19]. Consider a monopole
current source located in a homogeneous medium with
conductivity o, Fig. 1. Since the source current I
spreads uniformly in space, the current density J on
a sphere of radius r centered at the location of the
current monopole is equal to:

. 1
J==é =—=¢ 1
S r ( )
where S is the sphere area, €, is the normal vector to
the sphere surface.

Fig. 1. Monopole current source in a homogeneous
medium

The current density J is related to the vector of the
electric field strength E at a point on the surface of the
sphere by Ohm’s law:

-

J=oFE.

Considering that E = grad p, where ¢ is the
potential at the observation point, we have:

> dp
J = 767\05. (2)

If the size of the cell is much smaller than the
distance to the observation point, then the current

flowing through the cell membrane is:

diy,
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(3)
where I is the potassium current, Iy, is the sodium
current, I, is the calcium current, I; is the component
of the current of other ions and the leakage current
through the membrane, C,, is the cell membrane
capacitance, u,, is the membrane voltage.

Combining (1), (2), and (3), and taking into
account that the potential depends only on the distance
from the cell to the observation point and does not
depend on the observation angle, we get:

_duy,

C,, = = 47rr20d—<'0. (4)

dt dr

Consider two observation points located at di-
stances r; and ry from the cell, Fig. 2. Integrating (4)
on the segment [ry, r5] we obtain:
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Fig. 2. Tllustration to definition of potentials (1, @9 at
the observation points
(at distances r1 and 7o respectively)

From (5) we get:

_ Cpoduy (1 1
v2 b= 4o dt T2 T1 ’
where @1, @9 are potentials at the observation points,
respectively, at distances r; and rs.

(6)

Expression (6) is valid at every moment of time.
To find the time dependence of the voltage on the cell
membrane, one can integrate expression (6) over time.
As a result, we have:

47TO'7‘1T2

+C’m(r2—rl)/0 (p2—p1)dt,  (7)

where ug is the voltage across the membrane at a time
t=0.

Thus, in order to find the voltage on the cell
membrane from the measured potentials in the
extracellular space at distances r; and ro from the cell,
it is enough to integrate the difference in the measured
potentials over time.

U (t) =g
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3 Results

One of the advantages of MEA systems [1-3] is
the ability to perform non-invasive FP measurements.
However, in main applications of MEA technology,
the interpretation of non-invasive information about
FPs should be interconnected with invasive AP
measurements.

The goal of our study was to focus on the relati-
onship between internal and external signals of cardiac
electrical activity. Numerical experiments have been
performed with simulated AP and FP signals using
reviewed equations for transfer functions between AP
and FP. The solution for the relationship between AP
and FP has been provided.

To simulate AP signal the proposed in [20] model of
cardiac electrical activity at the level of cardiomyocyte
have been used. The simulated AP signals for atrial
and ventricular cardiomyocytes are demonstrated in
Fig. 3a. For numerical experiments, the parameters of
the AP signal for ventricular cardiomyocytes have been
chosen according to our previous model studies [20].
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Fig. 3. Simulated action potentials: a) AP for atrial and
ventricular cardiomyocytes [20]; b) the variable part of
the simulated AP signal for ventricular cardiomyocytes

The direct problem of relationship between APs
and FPs has been solved in accordance with the
methodology for determining extracellular fields given
in [19]. The variable part of the simulated AP signal
(Fig. 3b) has been converted to FP; and FP,, which
describe the signals at points on the surface, located
at the distance r; and rg, respectively. Then obtained
potentials FP; and FP, were investigated taking into
account white Gaussian noise (Fig. 4a,b).

Subsequent noise filtering has been made using the
wavelet transform and the method combining wavelet
denoising and processing in eigensubspaces, proposed
in [21]. In numerical experiments denoising techni-
ques with wavelet function “db4” and decomposition
to 4levels have been performed.
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Fig. 4. Potentials ¢, wo at observation points at di-

stances 71 and ry: a) potential ¢ with white Gaussian

noise (SNR = 20 dB) (solid black line) and denoised

potential ¢; (dotted red line); b) potential @2 with

white Gaussian noise (SNR = 20 dB) (solid black line)
and denoised potential o (dotted red line)

Then the inverse problem of relationship between
APs and FPs (Fig. 5) has been solved and mathemati-
cal equation (7) has been used to find the time
dependence of the voltage on the cell membrane
um(t) (Fig. 6). To solve the inverse problem following
parameter values were used: r1=0.001m, r,=0.002m
[1-3], 0=1.35S/m [22].

4 Discussion

The reconstructed AP demonstrated good consili-
ence with original AP by preserving the signal power
and morphology (Fig. 6). The assessment of quality of
reconstruction was performed by comparing the values
of relative root mean square error (RRMSE) of original
and reconstructed APs for different signal to noise rati-
os (SNR) of noised FP signals and different methods
for denoising:

n o a* )2
RRMSE = \/Zi—l(uml uml)

Z?:l u:m'?

- 100%,
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Table 1 RRMSE between the original APs and the APs reconstructed from the denoised FPs for different SNRs

and denoising methods

Denoising methods RRMSE (%)
SNR 20 dB | SNR 30 dB | SNR 40 dB
Wavelet denoising (Daubechies 4, db4, level 4) 45.5931 15.2860 4.7973
Eigensubspaces 12.4047 3.9514 1.2429
Wavelet denoising (db4) + Eigensubspaces 10.7778 3.5210 1.1122

where wu,,; is the original AP’s signal, w), is the
reconstructed AP’s signal, n is the signal length, i is
the number of the data point in the signal.
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Fig. 5. Relationship between the field potential (black

solid line) and action potential that was reconstructed

from it (red dashed line): a) a full cycle; b) depolari-
zation phase; c) repolarization phase

Denoising with wavelet transform at SNR =40 dB
showed good results with RRMSE =4.8%, however
using wavelet denoising with lower SNR resulted in
considerable increase of RRMSE. Method using ei-
gensubspaces and a method combining wavelet denoi-
sing and processing in eigensubspaces [21] both proved
to be more effective in reducing RRMSE (Table 1).
SNR range of 20 dB and higher was chosen based on

the SNR measured from the MEA recordings of the
real FP of hiPSC-CM [23].
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Fig. 6. Simulated action potentials: original (solid) and
reconstructed (dotted) by solving the inverse problem

Conclusion

Due to the importance of the FPs morphology
assessment, the relationship between cardiomyocytes’
AP and FP has been proposed on the basis of field
theory. Inverse problem of relationship between AP and
FP has been solved and mathematical relations have
been confirmed by numerical experiments. Proposed
method could significantly increase the amount of
information extracted from MEA measurements. In
addition, to identify extracellular field potentials
of cardiomyocytes the method based on wavelet
transform and signal processing in eigenvectors’ basis
of cardiac cycles has been used. This complex method
would allow us to get undistorted morphologies of FP
and to interpret experimental functional properties of
cardiomyocytes in drug screening and disease modeli-

ng.
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B peaspanx ymoBax micias BumipioBamusa curuasm 11T ma-
IOTh TIEBHY CTYTMiHb 3ANTyMJEHHS, TOMY Tepes TpaHchop-
marieo B II/I mo cumynpoBanux III1 Oymo momamo OGiwmit
myM. [l 3Henry MTeHHS TOTEHIT ALY T03aKJIITHHHOTO TOJIS
KapIioMioIuTiB 6yJI0 BUKOPUCTAHO BEHBIIET-TIEPETBOPEHHSI,
00pOOKY y BJIQCHUX MiAIIPOCTOPAX Ta KOMOIHAINIO IUX Me-
TOMIB.

3aIporoHOBa M METOM, 3aCHOBAHUN Ha TepeaaBasib-
HUX DYHKI[AX, MOXKe OyTH BUKOPUCTAHWI /I OTPUMAHHS
II/1 ra itoro nmapamerpis Ha ocuosi I1I1, i, Takum gyuHOM, MO-
JKe PO3IIUPUTHA MOYKJIMBOCTI QHAJI3y €JIEKTPUTIHOI aKTHB-
HOCT1 cepueBux KjiTmH B cucreMax BEM. Kowmmuiekcuwuit
MeTO/T 3HENIYMJIEHHSI, IO T0Ka3aB BUCOKY e(EeKTUBHICTH HA
cumysiboBannx [1I1 moxke 6yTr BHKOpHCTAHU i HA peasb-
HUX CUTHAJIAX [JIsl OTPUMAHHS HeCIIOTBOPEHUX MOpdooriit
IITI, mo mo3BosuTh MpOBOAMTH OLIBIN SKICHY iHTEpIIpeTra-
miro ¢yHKIoHaIEHNX BiaactuBoctei 111 ceprieBux KaiTwH
B JOCJI/IKeHHAX 3 BUKOpucTaHusaMm cucrem BEM.

Karouwosr carosa: BEM cucrema; kapaioMionurw; Imo-
TEHIfaJl JIil; II03aK/JITUHHMI IIOTEHIaJ [oJsd; obepHe-
Ha 3aJa4a ejeKTpokapiiorpadii; Teopis mMojs; BeiBJeT-
3HENTyMJIEHHS; MeTOJ[ BJIACHHUX IIiIIIPOCTOPIB; TEXHOJIOTis
«1ab0opaTopil Ha Yimiy; IHAYKOBAHI JIOAUHOIO ILUTIOPUIIOTEH-
THI cTOBOYpPOBI KJIiTHHI

Pemtenne obpaTHoOii 3a/1aun B3aNMOCBA3M
IIOTEHINAJIOB ,Z[ef'ICTBHSI n IIOTEHIINAJIOB
MOoJd B KJEeTKax Cceparia

Heanywruna H. ., Heanvko K. O., IlInomax M. A.,
IIpoxonenxo I0. B.

Mmuoro-snektponabie Maccusbl (MOM) - 310 pacmpo-
CTPAHEHHBI WHCTPYMEHT B MCCJIEIOBAHUAX BHEKJIETOYHOMN
JIEKTPUYIECKON AKTUBHOCTH CEpAEYHbIX Kjerok. Kuroue-
BBIMU 00JIaCTAMHU HUCHOJb30Banuss MOM saBasrorcs dap-
MaKOJIOTUYECKHE UCCJIE/IOBAHUs U MOJleIupoBanue 3aboJie-
pauuii. [Ipu ucciegoBaHUAX B JAHHBIX OOJACTSX YCUJIUS
MHOTMX yYEeHBIX HAINPABJIEHBl HAa AHAJIA3 U UHTEPIIPETa-
o BHEKIeTOIHBbIX noTeHrmasos (BII), momyvennbix c
oMok cuctem ¢ MIM. OgHako, ciaeayer OTMETUTE CJTIO-
JKHOCTH mHTEpnpeTanuu uadopmaruu MIM B uzmepenusix

HeuuBasuBHoro BIl cepaevyHbIX KJI€TOK IO CPaBHEHHIO C
WHBA3WBHBIMA 3ammcsaMu moTenmmana geiicreusa (I1I) ma
OCHOBE TEXHOJIOTMH IIATY-KJIAMIL.

Ilesbro HacTOsIIEl pabOTHI ABJIAETCI MATEMATUIECKOE
ompeesieHne B3aNMOCBSI3HU MeK 1y BHy Tpuksrerounbivu 11T
u BuemanMu BII. /Ins 3TOro 6nLIa IOCTABIIEHA M PEIIEHA
obpaTHad 3amada BlaumoorHourenus I/ u BII, a mmenno
- pacuér I/ ma ocuose BII. BoiBog ypaBuenwuii njis mepe-
marounoit dynknnn mexay BII u IIJ1 O6bl1 BbImOSHEH Ha
OCHOBe Teopuu moJis. s mostydenns moie3noit nadopma-
mun 0 mapamerpax mmiynabcoB BII B pabore BbImosmeHo
WCCJIeIOBaHNEe KOMILIEKCHOTO TIOIX07a K 00paboTke m3me-
penubix BII curaasios.

Ha ocroBe 4mcieHHBIX 9KCIIEPUMEHTOB C MOEIbHBIME
BII 6bl1mt mMpOmeMOHCTPUPOBAHBL YCIEINTHBIE DPE3YIbLTATHI
WCIIO/IH30BAHUS IIOJIyYeHHON IIepeIaToOIHOil DYyHKIWMN i
pekouctpykimu II/I. B peanbHBIX yCI0BHUAX IIOCJIE H3Me-
penus curnanasl BII mMeroT ompeeseHHYIO CTErmeHb 3a-
LIyMJIeHns, [I03ToMy mepen tpancdopmarmeit B I1/] x mo-
nensroMmy BII 6611 mobasien Gemprit mym. s ymasenus
IIyMa TIOTEHIMAJIa BHEKJIETOYHOrO TOJIsI KApANOMUOIMTOB
OBLIN MCITOJIF30BAHBI BEHBIET-Ipeodpa3oBanne, 00paboTka
B COOCTBEHHBIX MOAIPOCTPAHCTBAX CEPAEYHBIX IHUKJIOB K
KOMOWHAITHST STUX METOOB.

IIpenoskeHHBINi METOZ, OCHOBAHHBII HA IIePeJATOTHBIX
GbyHKIUAX, MOXKET OBITh UCIIOIH30BAH i Trorydenns 17T
u ero napamerpos Ha ocaose BII, u, rakum obpasom, moxer
PACHIMPUTH BO3MOYKHOCTH AHAJIN3a IIEKTPUIECKON AKTHUB-
HOCTU CePEYHbIX KJIeToK B cuctemax MIOM. KomruiekcHbrit
METO/I yJAJIeHIs IIyMa, [HOKA3aBIINU BBICOKYIO b derTus-
HOCTH Ha MOmesbHbIX BII Moxker ObITH MCHOIB30BAH U HA
PeaIbHBIX CUTHAJIAX [JjIs TOJIyIeHNs HEeMCKAXKEHHON MOop-
dosormm BII, a Takke MO3BOJUT MPOBOIUTH HOJIEE Kade-
CTBEHHYIO MHTEPIIPETAINiO ()yHKIMOHAILHBIX cBoiicTB BIL
CEPIAEYHBIX KJIETOK B HMCCIEJOBAHUSAX C WCIOIb30BAHUEM
cucrem MOM.

Karoueswie caosa: MIM cucrema; KapAMOMUOIUTHL; TI0-
TeHIMaJ JefiCTBUs; BHEKJIETOYHbBIN IOTEHIMAJL 110151, 00pa-
THas 33739 JIEKTPOKAPANOrpadUn; TEOpHUs MOJIs; BEHB-
JIeT Ipeobpa3oBaHue; MeTO I COOCTBEHHBIX HOIIPOCTPAHCTB;
TEeXHOJIOTUs «1ab0PaTOPUsl HA YUIIEs ; UH/Y IUPOBAHHBIE Ye-
JIOBEKOM TLTIOPUIIOTEHTHBIE CTBOJIOBBIE KJIETKU
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