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Modern biomedical technologies use a combination of microelectrode array (MEA) systems and artificially
grown cells to study disease mechanisms and test drug effects. MEA systems measure extracellular field
potentials (FPs) of cell cultures or tissues, but they cannot record intracellular action potentials (APs)
without some modifications or additional devices, limiting the depth of electrophysiological analysis. One
of the possible solutions to the inability of MEA systems to measure APs is to mathematically reconstruct
them using recorded FPs. However, accurately reconstructing APs of multiple cells is challenging task, which
is complicated by many factors such as the number of cells, synchronicity of their APs, identification of their
electrophysiological parameters, and noise. This paper aims to address the mathematical problem of AP
synchronicity, asynchronicity and partial synchronicity between multiple cells. In this study, mathematical
techniques were employed to derive a system of equations capable of reconstructing the APs of N cells
simultaneously, using the FPs recorded with N + 1 electrodes. The equations take into account the number
of cells, synchronicity and variation of their APs and specific electrical properties of the cells and the
medium. In numerical experiments the equations were applied to reconstruct APs from FPs for cases with
different types of synchronicity in noise-free and noisy conditions. The reconstructed APs; when combined
with recorded FPs, expand the number of electrophysiological characteristics available for cardiotoxicity
assessment in MEA systems.
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Introduction

In the pharmaceutical field micro-electrode array
(MEA) systems are used to measure field potenti-
als (FPs) of different human or animal cells exposed
to therapeutic agents [1]. Specifically, in cardiac field
researchers use MEA systems with different types of
cardiac cells to study the effects of antiarrhythmic
drugs [2]. Depending on the cardiac cell type, FP
(and action potential (AP)) recordings have different
signal morphology, duration and amplitude [3]. There
are cardiac cells that cannot generate AP (and FP)
without external electrical stimulation and the cardi-
ac cells that can, such as the sinoatrial node (SAN)
cells, which are called cardiac pacemakers because
they are capable of spontaneously generating APs
[4]. Understanding how a drug affects the potentials
generated by the cardiac cells allows to assess the
drug’s antiarrhythmic properties and make predictions
about its effect on heart rhythm. While MEA is used
for measuring FPs, patch-clamp is widely used method
for recording the AP. The downside of patch-clamp is
a need to interact with a cell membrane by capturing
an ion channel. Such direct interaction allows measur-

ing cell’s transmembrane current and voltage, so that
the researcher can assess cell’s electrophysiological
characteristics. Conducting comparative studies about
AP and FP by analysing the correlation between their
temporal characteristics allows researchers to make
conclusions about cardiotoxicity based on both AP and
FP [5]. There is a number of methods available to
measure both AP and FP at the same time, but all of
them have their strengths and drawbacks. Some MEA
systems are manufactured with nanotube electrodes
which can penetrate the cell membrane to measure
the intracellular APs [6-8], but this also can result
in damage of varying degrees to the cell membrane
[9]. The different approach to MEA is the usage
of opto- or electroporation systems which can alter
permeability of the membrane and allow recording the
intracellular potentials without physically penetrating
the membrane [10-13]; the drawback of this method is
that it may cause cell damage as a result of phototoxici-
ty [14]. As an alternative to the technological methods
of simultaneous AP/FP measuring, the biophysical
relationship between AP and FP can be mathemati-
cally modelled to reconstruct AP from FP [15]. In
combination with MEA systems, this approach offers a
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non-invasive way to monitor the APs of excitable cells
such as neurons and cardiac cells, utilizing electrodes in
the extracellular environment to avoid cellular damage.
Understanding cardiac cells behaviour is essential to
cardiotoxicity research, but using only FP recordings to
analyse their activity can be limiting. By reconstruct-
ing APs and quantifying characteristics like amplitude
and duration, the effect of pharmacological compounds
on the cell culture can be assessed more effectively.

1 Problem statement

Reconstruction of APs from the recorded FPs
introduces a variety of challenges. The method
proposed in [15] is intended for synchronous electri-
cal activity, it can be used under the assumption
that all cells exhibit identical and synchronous AP
morphology. However, this approach falters when di-
verse AP generation frequencies lead to varied signal
morphologies or when the AP propagation results
in time-delayed signals. In these situations, rely-
ing solely on a synchronicity-based reconstruction
approach becomes untenable.

As an example of asynchronicity in AP generation,
Fig. 1a shows a frame from the video recording of a
contracting cardiac tissue in pECG device introduced
in [16]. pECG allows tracking the electrical activity
in lab-grown cardiac tissues. Unlike MEA which uses
stationary electrodes, yECG uses a micro-electrode
channel guide technology, which allows to safely insert
and position 3D wire-shaped probes in specific areas of
the cardiac tissue to record its FPs. Figure 1b shows a
segmented video frame with colours representing domi-
nant contraction frequencies of the respective regions.
In this case, dominant frequency of the FP matched the
dominant contraction frequency of the tissue. Regions
with other contraction frequencies had no evident effect
on the FP recording. Unlike yECG device, which has
the electrodes on the sides and the middle of the 10 mm
long tissue channel (resulting in approximately 5 mm

or 10 mm electrode spacing), MEA systems typically
have much smaller electrode spacing of around 0.3 mm
(300 pm) [12], therefore the effects of asynchronous AP
could be more prevalent.

2 Research objectives

The primary goal of this paper is to adapt the
AP reconstruction technique proposed in [15] for the
scenario when multiple cells exhibit asynchronous
or partially synchronous behaviours. Specifically,
the simulation of time-delayed AP asynchronici-
ty is presented to demonstrate how applying the
method intended for synchronous cell behaviour in
asynchronous scenarios can affect the AP characteri-
stics.

3 Methods

In [15] the formula for reconstructing the AP
of a cardiac cell from their FP was proposed. The
reconstruction method is based on the idea of treating a
cell as a point sources of current, whose electrical field
can be observed as FP at some reasonable distance
away from the cell. Combining the formulas of the
model of parallel conductances and the electric field
of a point charge resulted in equation for a single cell
and two electrodes:
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where 1 and ¢, are extracellular potentials recorded
from the first and second electrodes, respectively; r;
and 7, is distance from the current source to the first
and second electrodes, respectively; C,, is the cell
membrane capacitance; o is the specific conductivity

of the extracellular medium; u,, is the potential of the
cell membrane.
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Fig. 1. A frame from the video of a cultured cardiac tissue contracting in pECG device (a), with its frequency-
based segmentation overlay (b) where different colours represent dominant contracting frequencies
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Integrating equation (1) resulted in the formula,
which shows the relationship between AP u,, and FP
difference s — p1:

4 t
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where uy is the membrane potential at the time ¢ = 0.

A case with one cell and two electrodes is described
by formula (2). However, MEA systems are typically
used together with cell cultures instead of a singular
cell, so the cases with multiple cells have to be consi-
dered. In the case of N cells and 2 electrodes the next
formula can be used [15]:
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The FP of each cell is recorded by M electrodes,
resulting in M — 1 equations:
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A potential at any point of space is equal to the
sum of potentials from all surrounding sources:

N N
$1 = Z Pil, Y2 = Z Pi2, (5)
i=1 i=1

where ¢;1 and ;5 are potentials induced by a source i
on the electrode 1 and 2 respectively.
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In the formula (6) all cells are synchronised in
generating the identical membrane potential, thus
resulting in a single unknown variable um. In
case of non-identical APs or asynchronous potenti-
al generation, the number of unknown variables
grows corresponding to the number of cells N
(W1, U2, - - -, UmN ), which makes it impossible to
reconstruct all the APs using only one equation. A case
for N cells and M electrodes consists of N by M — 1
equations from (4). A system of equations for a cell i
and M electrodes can be described by:

Pij+1 — Pij =
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Applying formulas (5) to equation (7) gives a
system of M — 1 equations with N unknown variables:

N
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In order to solve system of equations (8) the number
of electrodes M has to be bigger than the number of
cells N by 1. If the APs are identical and synchronous,
then APs of multiple cells can be treated as a single
AP, 50 um;(t) — ug; becomes u,, (t) — ug and equation
(8) can be presented as follows:
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The initial AP values wug; and wug are usually
unknown for equations (8) and (9) respectively, but
they can be determined by comparing the difference
Um (t) — uo at distinct parts of the reconstructed AP
with a modelled or measured AP values of the cell type
used in the experiment (e.g. the resting potential and
the maximum amplitude at the peak of the AP).

The membrane capacitance C,, is different for
each cell because of the multitude of factors such as
cell geometry, genetic variation, epigenetic modificati-
ons, etc., but a possible modelling simplification is to
assume C,, to be the same for all cells of the same type.

Since the MEA systems are designed to measure
FPs, the distances between the cells and the electrodes
are unknown, so in order to solve equations (8) or (9)
all the r;; have to be identified. In formula (3) (and
similarly in equation (9)) the sum of differences of
inverse distances can be moved to the right side of the
equation to be expressed as a part coefficient before the
integral; that way its identification becomes a matter of
correct scaling. In equation (8) there are multiple w,,;,
so resolving the equation requires the identification of
2N distances for M — 1 equations and the coefficient
scaling has to be done for each wm,;(t) — ug;.

In addition to the cases of synchronous and
asynchronous behaviour there can also be partial
synchronicity. In case of synchronicity all cells in
the area generate APs simultaneously, which results
in the synchronized FPs that can be measured by
the electrodes; in the asynchronous case there is a
delay in APs the cells generate, which results in the
asynchronous FPs; partial synchronicity can occur
when some cells are synchronous while others are not.
For example, if there are two groups of cells and each
group has identical but asynchronous APs, then equati-
on (8) can be replaced with equation (9) partially,
effectively reducing the number of equations by the
number of cells with synchronous AP.
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4 Results

Demonstrating the reconstruction of APs from FPs
for the cases of asynchronicity and synchronicity requi-
res a two-dimensional numerical experiment involv-
ing multiple cells and electrodes. First, an improved
parallel conductance model from [17] was used to
simulate the human sinoatrial node (SAN) APs for
multiple cells. Then, their FPs were determined on
the basis of field theory. Lastly, to reconstruct APs
from FPs, the system of equations (8) was used; the
integral terms in the system were approximated using
cumulative trapezoidal numerical integration, adhering
to the uniform step size set by the 2 kHz sampling
frequency of the signals.

Table 1 Positions of cells and electrodes

Cell position Electrode position
Point Ci | Co | C3 | Ey | Ey | B3 | Ey
x, pm | 200 | 450 | 500 | 300 | 300 | 600 | 600
y, pm | 300 | 600 | 650 | 600 | 300 | 600 | 300

Table 2 Initial sinoatrial node AP model values

Case Sync Async Partial sync
Cell Cl CQ Cl 02 Cl CQ Cg
ug, mV =50 | -50 | -50 | -60 | -50 | -60 | -60
Whole-cell capacitance, pF 56.6 [18]
Medium conductivity, S/m 1.5 [19]
600 ofle o 600 of o.C~ o
C'_’ C2 :
%450 450
300 .Cl 0E2 0E4 300 oc1 .E2 0E4

300 450 600 300 450 600

(a) ®)

Fig. 2. The maps of the cell and electrode positions:
(a) 2 cells with 3 active electrodes (and 1 inactive);
(b) 3 cell with 4 active electrodes

Both cases of synchronicity and asynchronicity need
at least 2 cells and 3 electrodes to be simulated.
Figure 2a and Table 1 show the cell and electrode
positions. The electrodes were arranged into a grid
pattern to resemble the MEA system electrodes.

In order to present the AP reconstruction in
both noiseless and denoised scenarios for a more
comprehensive view, Gaussian white noise with a
mean of 0 and standard deviation of 2.3 pV was
independently generated for each FP. Additionally,
power-line interference, consisting of a fundamental
frequency of 50 Hz at an amplitude of 10 pV, and
its associated harmonics were added to the FPs; the

amplitudes of the harmonics were attenuated according
to an inverse proportional decay, expressed as 1/k,
where k£ denotes number of the harmonic. Finally, to
minimize noise, the signals were processed using a comb
filter and wavelet denoising [15].

In the case of AP synchronicity all the cells are
assumed to be generate the same AP. This means
that APs of any number of cells can be treated as a
simple 1 AP case and solved with one of the equati-
ons from (9), which requires the FPs from any 2
electrodes to be known. If the cells have non-identical
yet synchronous AP, then using (9) will result in a
weighted average depending on the distances from the
cell to the electrodes (unless the coefficients before the
integral are different).

For the synchronous case, the cell AP model
parameters were selected to be the same for both
cells C; and Cy (Table 2), resulting in 2 identical
and synchronous APs. Figure 3d,e shows the 2 APs
reconstructed from the FPs in Fig. 3a-c. The red APs
are identical because they were reconstructed from the
noiseless FPs, while the black APs differ because they
were reconstructed from the imperfectly denoised FPs.

The asynchronous case requires solving the system
of equations (8). The reconstructed asynchronous
AP are shown in Fig. 4. Table 2 shows the initial
parameters of the cell model; using a different initial
potential for the second AP preserves its morphology,
but introduces a time delay, resulting in asynchronicity
between two APs.

A possible simplification for the asynchronous case
is to consider some of the APs to be synchronous, which
defines a case of partial synchronicity. In asynchronous
approach reconstructing APs from 3 cells would require
FPs from at least 4 electrodes, but if 2 cells have
synchronous and identical APs and 1 cell has a different
or/and asynchronous AP, then all the APs can be
reconstructed with only 3 electrodes.

Map on the Fig. 2b shows an additional cell Cs
placed close to the cell Cy and an additional active
electrode Fs3. Table 2 shows that synchronous cells have
different initial potentials than the asynchronous cell,
resulting in time delay between 2 groups of cells. The
reconstructed APs for the case of partial synchronicity
are shown in Fig. 5; blue AP potentials are synchroni-
zed with each other, while the red AP is asynchronous
with the blue APs because of the time delay.

5 Discussion

According to the results of the numerical experi-
ment the APs can be reconstructed from the FPs if
the number of cells is smaller than the number of
electrodes. If the number of unknown APs is bigger
than the number of equations, then the system of
equations can’t be solved without some simplifications
like complete or partial synchronicity.
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Fig. 3. Reconstruction of synchronous APs. Top figures (a, b, c) show the FPs, simulated to represent recordings
from the respective electrodes; bottom figures show the APs of the cells Cy (d) and Cs (e), reconstructed from
the noiseless and denoised FPs (black and red)
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Fig. 4. Reconstruction of asynchronous APs. Top figures (a, b, ¢) show the FPs, simulated to represent recordings

from the respective electrodes; bottom figures show the APs of the cells C; (d) and Cs (e), reconstructed from

the noiseless and denoised FPs using equation (8) for asynchronous approach (black, red and blue) and the APs
reconstructed from noiseless FP using equation (9) for synchronous approach (green)
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Fig. 5. Reconstruction of partially synchronous APs.
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Top figures (a, b, ¢, d) show the FPs, simulated to

represent recordings from the respective electrodes; bottom figures show the AP of the cells Cy (e), Cy(f)

and Cj5 (g), reconstructed from the noiseless and denoised FPs under the assumption of partial synchronicity

(black, red and blue) using only 3 electrodes and the APs reconstructed from noiseless FP under the assumption
of asynchronicity (green) using 4 electrodes

In system (9) a single equation with FPs from two
electrodes is sufficient for the solution. If the number
of electrodes increases, system (9) expands with addi-
tional equations. In a scenario of synchronicity and
identical APs, the solutions across all equations in (9)
will be identical, which makes the system of equations
overdetermined. However, when noise affects the FPs,
the solutions may diverge. Despite this divergence, the
inherent overdetermined nature of the system can be
used to minimize the error introduced by the noise or to
select the solution with the best signal-to-noise ratio.

The availability of multiple solutions from different
electrodes in (9) also enables a synchronicity test: if
the solutions are equal (or sufficiently similar in the
presence of noise), then the APs can be considered
synchronous.

Figure 6a shows that using equation (9) when
there is a delay between the FPs can result in
inaccurate reconstruction. In contrast, the equations
from (8) effectively compensate for this delay. Figure 6b
demonstrates how reconstructing asynchronous APs
using (9) alters the APs’ waveforms and their duration-
related characteristics (including depolarization and
repolarization durations, which add up to full AP
duration (APD); Fig. 6¢ shows how APD changes
depending on the introduced delay). Consequently, this
can influence metrics derived from these characteri-
stics, like AP prolongation and shortening, which
are important indicators in cardiotoxicity assessments.
AP prolongation, for instance, can be associated with

drug-induced QT interval prolongation, a known risk
factor for life-threatening arrhythmias like Torsades de
Pointes. Accurate evaluation of these metrics is cri-
tical for a comprehensive understanding of potential
cardiotoxic effects and ensuring patient safety in drug
therapies.

Conclusions

This study describes a method to reconstruct cardi-
ac cells’ APs based on their FPs in the cases of
AP asynchronicity or partial synchronicity. While the
synchronicity of FPs can simplify the reconstructi-
on by minimizing the number of unknown AP, the
asynchronous behaviour (delay between FPs or di-
fferent FP frequencies) increases that number. The
numerical experiment demonstrated in this paper
showed that when AP are identical and synchronous,
the system of N equations with N unknown vari-
ables transforms into a system of N equations with
1 unknown variable, which allows to determine an
AP using FP from any pair of available electrodes.
Conversely, when the APs are generated by a group
of N cells independently and asynchronously using
the reconstruction method designed for synchronous
AP behaviour can result in inaccurate reconstruction.
Accurately reconstructing APs of cells using their FPs
expands the number of characteristics available for
cardiotoxicity assessment in MEA systems.
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Fig. 6. Simulated APs reconstructed from delayed FPs (a) using formula for asynchronous AP (8) (red and blue
APs) and synchronous AP (9) (green and black APs); APs reconstructed using formula for synchronous AP (8)
with different time-delayed FPs (b), where red stands for no delay and black for increasing delay; influence of
time delay between FPs on reconstructed APs’ duration (c)
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Busnayenna mnoreHmiagiB aii 6araTbox
KJITHH ceplid 3a IIOTEeHIliajlaMi IMO3aKJIi-
TUHHUX IIOJIB

IInomax M. O., Isanywwxina H. T., Ieanvro K. O.,
IIpoxonenxo I0. B.

B cywyacmmx OiomMenuuHMX TEXHOJIOTISIX, CHCTEMU 3
mikpoenekrpomanmu pemitkavu (MEP) BukopucToByoTs
Pa30M 3 MITYYHO BUPOIIEHUMH KJITHHAMU IS BUBUEHHS
610J/I0rIYHIX MeXaHI3MIB 3aXBOPIOBAHD 1 TECTYBAHHS BILJIUBY
gikapcpkux mpernapariB. Cydacuai MEP-cucremu Buwmipio-
10Th o3akaiTuaAl norerniamy nond (I1IT) kyneryp KiiTua

ab0 TKaHWH, ajie He MOXKYTb PEECTPYBATH BHYTPIIIHHOKII-
tuani morenmiamu mi (IT/T) 6e3 Texmomoriaamx mommdi-
Kamiit abo MOJATKOBHUX NPUCTPOIB, IO OOMEKy€e TIHOHHY
anamizy esekrpodisionoril kmitun. OpHuM 3 MOXKIUBUX
pimrens mpobsiemn mezmarHocTi MEP-cncrem BuMiproBaTn
II/] e ix MaTeMaTH9HA PEKOHCTPYKINdA i3 3ape€CTPOBAHUX
IITI. Opmmax rouna pexkoncrpykuis IIJT nexisbkox Kiii-
THH OJHOYACHO YCKJIAQJHIOETHCS TaknMu (haKTOpaMHU, SK
KIJIBKICTh KJITHH, CHHXPOHHICTH Ta BiAMIHHICTH MOPdOI0-
mapaMeTpiB Ta HAgBHICTH mywmiB. MeTow 1€l cTaTTi €
BPAXyBaHHS CHUHXPOHHOCTI, ACHHXPOHHOCTI Ta YaCTKOBOI
cunaxponnocti IIJ] kmaitua B meromi pexonctpykmii. I1106
pPO3B’SI3aTM TIOCTABJIEHY 33734y OTPUMAHO CHCTEMY piB-
HSHDb, 37aTHY pekoHcrpyoBaru I1/] N kiitue oxHOYacHO,
BukopucroByoun 3anucani 3 N + 1 exexkrpoga IIII. Cucre-
Ma PIBHSAHB BPAaXOBY€ KiJIbKICTh KIITHH, CHHXPOHHICTD [T
PI3HEX KJITHH Ta €JIEKTPUYHI BJIACTUBOCTI KJIITHH Ta cepe-
nosuma. Mogesnpai ekcriepumentn pekouncTpykiri [T/ 3 TTIT
IPOBEAEHO IJId BUMAJKIB 3 PI3HUMU TUITAMU CUHXPOHHOCTI
Ta 3a HagBHOCTI myMy. Pexoncrpyitosani 1I/] y moemmanmi
i3 3anmcanumu III1 po3mupooTs KiIbKICTh eteKTpodizio-
JIOTIYHAX XapPAaKTEPUCTUK [JId OINHIOBAHHSA KapHiOTOKCH-
grocti B MEP Ta inmmx 6aratoesleKTpOIHIX IPUCTPOSIX.

Ka10406% ca06a: TIOTEHIIAJN Iil; TOTEHIAJIN TI0JIs; pe-
KOHCTPYKITisl CHATHAJY; CHHXPOHHICTH CUTHAJLY; YHCEIbHE
MO/IE/IIOBAHHS; KJITUHHA ejeKTpodiziosioris; MiKpoesiek-
TPOIHA PENIiTKa
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