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1. Introduction

Cardiovascular diseases are the leading cause
of mortality worldwide, with myocarditis - an
inflammatory disease of the myocardium- be-
ing one of the most prevalent conditions [1].
Due to the non-specific nature of myocarditis
symptoms, it is crucial to possess a deep under-
standing of the involved processes. A promis-
ing approach to better understand cardiac
dysfunctions involves human-induced Pluripo-
tent Stem Cells-derived cardiomyocytes (hiPSC-
CMs), which have contractile capabilities and
gene expressions similar to normal cardiomy-
ocytes. Given their electrophysiological activ-
ity, hiPSC-CMs are suited to analysis through
multi-electrode arrays (MEAs), which are highly
sensitive, low-cost and non-invasive tools that
enable long-period observations of live cells’ elec-
trical properties. Specifically, MEAs capture the
extracellular Field Potential (FP) of beating car-
diomyocytes adhered to the substrate, reflect-
ing the propagation of cardiac action potentials
(APs) across the cell monolayer [2|. These ex-
tracellular signals resemble the clinical electro-
cardiogram (ECG) waveforms; therefore, in this
work, the nomenclature will refer to the distinct
waves characterizing the FP as pre-potential for

the initial positive wave preceding the most
prominent peak of the FP, in turn, defined as
part of the QRS complex, and finally as T peak
for the wave that follows it.

1.1. State of Art: MC _Rack

Multi Channel Systems offers MEAs with the
highest spatial resolution available on the mar-
ket. Their software, MC _Rack, is widely used
in hospitals and research laboratories to acquire,
visualize, and analyze extracellular recordings.
This software can be used both for recording and
offline analysis purposes. Some of MC Rack’s
key functionalities are signal filtering, selection
of a triggering electrode, analysis of key param-
eters within a defined Region of Interest (ROI),
data averaging, and spike characteristic anal-
ysis. MC_Rack primarily serves as a visual-
ization tool, presenting signals and analysis re-
sults in the form of traces, raster plots, or spike
cutouts when spike events are identified. Orig-
inally designed for neuronal recordings, where
spike events are standard terminology, the soft-
ware also accommodates cardiomyocyte signals,
where the equivalent events are field potentials.



1.2. Aim of the project

The aim of this thesis is to develop a new
software, MFEABeat, for analyzing hiPSC-CM
signals, in order to enable a more flexible and
user-friendly examination compared to stan-
dard software, such as MC Rack. MFEABeat
is useful for comparing baseline signals with
those obtained after experimental interven-
tions, providing numerical results for efficient
comparisons. As a proof of concept, MFEABeat
was tested on signals recorded from beating
hiPSC-CMs cultured on MEAs during drug,
maturity and stability tests.

This project was conducted in collaboration
with the IRCCS San Raffaele Hospital in Milan,
where the cells were cultured in-vitro, and the
signal recordings and experiments were carried
out, using Multi Channel Systems’ equipment.

2. Materials and Methods

2.1. Recording System

The employed MEAs are Standard MEAs with
60 electrodes placed in an 8x8 grid, and an inter-
nal reference (iR) electrode connected directly to
the amplifier’s ground. The recording setup was
composed of an amplifier (MEA1060-Inv-BC), a
data acquisition device (USB-ME64), a power
supplier (PS40W) and a temperature controller
(TCO02).

2.2. MEABeat

An overview of the software’s key functionalities
is now provided.

2.2.1 Core Functionalities

Data Import. The user can import .txt files,
created by converting .mcd recordings (propri-
etary file format) to ASCII format through Multi
Channel DataTool. During the import phase,
the electrode data and names are read, sorted
and stored with the original time and amplitude
values for future access. Signals are resampled
at 1 kHz if the acquisition sampling frequency
differs, ensuring accurate peak detection.

Plot Data. MEABeat allows visualization of
raw and filtered data in a grid of subplots, dis-
playing only the first thousand data points and
following the standard scheme for square grids.

When double-clicking on a subplot, this is ex-
panded to show the whole signal, together with
a Navigation Toolbar and a Compute Distance
button, which enables the computation of X and
Y-axis distances.

When choosing the filtering option, different al-
ternatives are proposed, based on the ecg clean
function of neurokit2 [3], a Python package for
the analysis of biological signals. The only ex-
ception is represented by the Customize But-
terworth Filter option, which allows the user
to manually introduce the low and high cut-off
frequencies of a second-order bandpass Butter-
worth filter.

Exclude Electrodes. Two alternatives are
available: Manual Ezclusion allows the dese-
lection of the electrodes by name, while when
selecting Frequency-based Fxclusion, the user is
prompted to input a beats-per-minute (bpm)
threshold. This feature is necessary to filter out
non-significant and noisy signals from the anal-
ysis.

2.2.2 Analysis Tools

Compute Peaks. To proceed with the data
analysis, it is mandatory to compute the R peak
locations on each signal, which is achieved us-
ing the neurokit2 ecg peaks function. At this
stage also ecg delineate is applied, to identify
the different waves of the cardiac cycle. To han-
dle irregular signals, an Input Dialog enabling
the user to insert the values of minimum de-
lay between R peaks and amplitude threshold
was added for better detection of the R peaks.
An additional threshold is present to filter the
pre-potentials, too. The detected R peaks are
marked on the expanded subplots.

Peaks Analysis. The estimated peaks can be
used to conduct various standard analyses, in-
cluding the number of pre-potentials detected
and the rate values, expressed both in bpm and
in Hz, and computed exploiting the ecg rate
function by neurokit2. Additionally, the aver-
age Inter-Spike Interval (ISI) can be computed
as the time difference between each consecutive
peak, averaged over the whole signal. Counting
the pre-potentials entails their plotting on the
expanded subplots.

Statistical Measures and Relational Anal-
ysis. Several statistical measurements are ap-
plied to the significant portions of the signals



surrounding the R peaks. The standard de-
viation (std), mode, median, variance, mini-
mum and maximum values are calculated us-
ing the relevant functions from the numpy pack-
age. The Relational Analysis includes the Cross-
Correlation and the Transfer Entropy between
two different signals. As for the standard
Cross-Correlation analysis, two different mea-
sures are provided: the linear correlation co-
efficient (Pearson Coefficient) and the cross-
correlogram. The Pearson Coefficient quantifies
the strength and direction of the linear relation-
ship between two signals, offering a single nu-
meric value to represent their correlation. The
cross-correlogram, on the other hand, provides
a detailed visualization of how the two signals
are correlated over varying time-lags. More-
over, MEABeat provides an additional method
for measuring the Cross-Correlation [4|, which
defines a temporal relationship of proximity be-
tween the two selected signals, measuring how
frequently spikes from both signals occur simul-
taneously or within the same time window. Fi-
nally, the Transfer Entropy detects the informa-
tion transferred between two signals, indicating
whether the activity recorded by one electrode
is influenced by the activity of another.

Since these measurements are sensitive to the
choice of a reference electrode, the software
tracks the order of selection of the two electrodes
to analyze, and a window displaying the analysis
results appears.

Figure 1 shows an example of the results ob-
tained from Peaks Analysis and Statistical Mea-
sures.

Propagation Analysis. The Propagation
Analysis introduces a dynamic tool for visual-
izing interactions across MEA electrodes. When
initiated, an input dialog prompts the user to en-
ter the correlation window and the occurrence
threshold values. The correlation window de-
fines the interval around the reference peaks
within which the time-lags of the other elec-
trodes are computed at each beat, while the oc-
currence threshold filters out the electrodes with
peak counts below this specified threshold value
relative to the maximum peak count. The time-
lags are computed with respect to the reference
electrode - the one with the highest R peak count
-, and their averages are displayed in a table,
with an asterisk marking the estimated pace-

maker, defined as the earliest activating elec-
trode. At this point, the user can save the table
as an Excel file for further analysis or display the
related propagation heatmap (2). If the latter
option is selected, the whole computation is re-
peated with respect to the pacemaker, this time
made visualizable via a heatmap, which updates
continuously at each peak computation. The es-
timated pacemaker is highlighted with a marker,
and the electrodes without any R peak within
the specified interval around the reference peak
are excluded from visualization.

Waveform Analysis. Morphological analyses
are conducted on the averaged signals to reduce
the noise contribution and isolate the waveform
of interest. Before averaging the signals, the
average ISI is computed to define a dynamic
window around the R peaks, which means that
signals with high variability can be underrepre-
sented in the process. To account for this, the
Coefficient of Variation (CV) of the ISI is com-
puted, measuring the amount of variability in a
signal [5]: for regular signals (CV<0.5) a win-
dow size of half the mean ISI is assigned, while
tachycardic signals are assigned a fixed 100 ms
window. The complexes are then aligned and
averaged point by point. The R peaks are de-
tected through ecq peaks, while ecqg delineate is
used to find the R onset - the QQ peak in a clas-
sical ECG signal-, the S peak and the T peak.
To correctly align the found peaks to the dis-
played averaged signal, the peaks of one specific
wave are selected, and the start of the complex is
subtracted from their indices. To address neu-
rokit2 limitations in detecting peaks in tachy-
cardic signals, a fallback method was introduced
utilizing scipy.find_peaks. For the T peak, since
ecg delineate only identifies it as the main pos-
itive one in the T wave, an additional detec-
tion through scipy.find peaks is performed to
enhance the last peak characterizing the wave.
If no significant peak is identified, the T peak
remains unchanged.

An example of an averaged waveform is pre-
sented in Figure 3.

The first analysis that can be conducted on the
averaged signals is the Peak-to-Peak measure-
ment, computed as the difference between the R
peak’s and the S peak’s amplitude values.

The T wave amplitude can be calculated us-
ing different approaches depending on the
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Figure 1:
results displayed within the user interface.

comparison between the T peak detected by
ecg delineate and the one saved. If the two
peaks differ, the T wave amplitude is computed
as their absolute difference - biphasic positive-
negative and monophasic negative cases. If the
T peaks coincide, the algorithm searches for a
negative peak preceding the T peak and, if such
a negative peak is found, the T wave amplitude
is computed as the absolute difference between
the T peak and the preceding negative peak.
Otherwise, the T wave amplitude is measured
as the T peak’s amplitude relative to the base-
line, defined as the mean of the signal’s initial
segment. As a result, the latter approach works
well for biphasic negative-positive and monopha-
sic positive cases.

The Field Potential Duration (FPD) is com-
puted as the time interval between the R peak
and the T wave offset. The T offset value is com-
puted considering the Trapezium’s Area (TRA)
method [6]: firstly, a fixed vertex (zm,Yym) is
determined as the point with the highest abso-
lute derivative within a window after the T peak,
then an additional fixed vertex (z,,y,) is set in
the interval after the end of the T wave. Finally,

Peaks analysis and Statistical measures conducted on

non-excluded electrodes, with the

the mobile vertex (x;,y;) is located between the
two fixed points and identified as the T offset if
the maximum trapezium area is provided.
Ultimately, during the morphological analy-
sis it is also possible to calculate the cor-
rected FPD using Fridericia’s formula |[7]:
FPD/[ISI/1000]3, which provides a clearer un-
derstanding of the trends in the results.

2.2.3 Results Handling

Results. The analysis results are displayed in a
table within the GUI for all non-excluded elec-
trodes. The user has also the option to save the
table in Excel format.

Comparison of results. The user can compare
two Excel files, considering only the common pa-
rameters and electrode names. The comparison
focuses on the mean value of each valid parame-
ter across all valid electrodes, providing a quick
overview of the results. The resulting mean val-
ues for each parameter can be saved on an Excel
file for further comparative analysis. This tool
can be triggered at any time, making MFEA Beat
useful for comparison purposes alone, without
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Figure 2: Propagation heatmap continuously updating at each peak, here shown for the 10th signal
peak. A colorbar is present, representing the time-lags in ms characterizing the electrodes spiking
activity with respect to the reference electrode. The X and Y coordinates are referred to the MEA
measurements. The estimated pacemaker is highlighted with a pink marker, here El 28.

requiring additional analyses.

3.
3.1.

Results
Validation of MEABeat

Various studies were conducted in the literature
to validate the functionalities of the neurokit2
package [8, 9, 10]. On our part, to validate
MFEABeat’s performance, a visual inspection of
the key parameters - peaks detection, frequency
(Hz), rate (bpm), peak-to-peak amplitude, T
wave amplitude and FPD- was conducted. This
verification demonstrated that the performance
of the R peaks and pre-potentials detectors are
optimal, and, similarly, the rate, in Hz and bpm,
and the peak-to-peak amplitude exhibit excel-
lent results. Moreover, the QRS complex de-
tection on averaged signals also performs well,
while the computation of the T wave ampli-
tude shows to be erroneous in some instances,
which also applies to the FPD values, as they
highly rely on the sensitive process of detecting
the T peak. Further validation included com-
paring the results of four channels across five
recordings with MC Rack: the mean frequency
in Hz and mean rate in bpm exhibit nearly iden-
tical results, which is true also for the ISI and
the peak-to-peak amplitude values. The mini-
mum and maximum amplitude values diverge,
but this is probably due to the different influ-
ences of the filtering procedures in the two soft-

ware. Arrhythmic behaviors are better captured
by MEA Beat, giving rise to higher percentage er-
rors. The described results can be verified in the
following table:

H El bpm freq ISI peak-to-peak min max H
33 122 091 0.13 3.55 31.01 19.96
41 054 032 0.15 3.80 20.15 41.02
58 0.83 0.68 0.16 3.29 30.69 48.45
67 0.83 035 0.16 3.17 34.46  23.77

Table 1: Averaged percentage error for each elec-
trode and parameter across all five recordings,
with MC Rack results serving as the expected
values, and MEABeat results treated as the ob-
served values. The values are expressed in per-

cent (%).

3.2.

While MC_Rack exploits virtual visualization
tools to show the results of the analyses,

Comparison with MC Rack

MEABeat provides numerical outcomes,
enabling more immediate interpretation.
MC_Rack also requires substantial famil-

iarity with its manual for selecting accurate
analysis parameters, potentially leading to
errors and discouraging users. On the other
hand, MEABeat offers automated parameter
handling, reducing user input requirements.
Moreover, while MC _Rack requires in input
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the recordings in the memory-intensive .mcd
format, MEABeat accepts .txt files, offering
compatibility with diverse recording platforms.
MEABeat also supports focused analysis on
selected channels, minimizing confusion and
improving efficiency.

3.3.

Stability Tests were conducted to observe the
hiPSC-CMs behavior under the influence of var-
ious environmental factors, while Maturity Tests
provided insights into the temporal behavior of
hiPSC-CMs, which is essential for further anal-
yses and experiments. Additionally, Drug Tests
with Verapamil, a Ca?" channel blocker, demon-
strated the expected reduction in beating rate,
ultimately leading to an arrest at high doses.
A Stimulation Test confirmed that hiPSC-CMs
paced naturally, eliminating the need for exter-
nal electrical triggers.

Experiments are conventionally performed on
cells that show a stable behavior after some days
of maturation, and after changing the culture
medium with a fresh one.

Results of experiments

4.

MEABeat is a user-centered software, developed
for analyzing signals from hiPSC-CMs recorded
on MEAs. Designed to address limitations of
existing tools, MEA Beat offers improved perfor-
mance on noisy and arrhythmic signals, reduced
computational load, and increased compatibil-

Discussion

ity with other systems. The need for special-
ized software arises from the demands of labo-
ratory and clinical users, who may not have the
needed background required to optimize param-
eter choices, as standard tools like MC' _Rack of-
ten demand. Alternative software, such as Car-
dioPyMEA and CardioMDA, were also investi-
gated and served as an inspiration for this work.
The experiments conducted demonstrated the
software’s validity and utility.

Despite its strengths, some limitations remain.
Future improvements will focus on enhancing
the T wave detection algorithm, improving the
neurokit2 features, evolving the Propagation
Analysis into a more comprehensive tool, and
generalizing the software’s application to include
other cell types or tissue models.

5. Conclusions

In conclusion, MFEABeat offers an accessible,
efficient, and flexible platform for analyzing
hiPSC-CM signals from MEAs, addressing spe-
cific needs within laboratory and clinical envi-
ronments, where standard tools are not always
able to offer the ease of use or adaptability re-
quired for specialized cardiac research. Over-
all, MEABeat supports a wide range of analy-
ses, contributing to the advancement of cardiac
electrophysiology and providing a foundation for
innovative applications in cardiac research.
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