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Abstract

In recent years, human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) have become an
emerging tool in cardiovascular research. However, due
to the spontaneous electrical activity and diverse mor-
phologies of hiPSC-CM action potentials (APs), manual
extraction of AP parameters is time-consuming and de-
pends on the operator’s subjective judgment, which ham-
pers reproducible, quantitative comparisons between var-
ious types of CMs. Here, we introduce a consistent,
fast, reproducible and operator-independent algorithm,
which extracts quantitative AP parameters from record-
ings of various CM types. Markers for the start of an
AP, maximum upstroke velocity, peak potential and max-
imum diastolic potential (MDP) are derived automati-
cally. The algorithm was tested on 501 AP recordings
from hiPSC-CMs, 873 AP recordings from stimulated iso-
lated native CMs, 133 AP recordings from HL-1 cells
and 100 AP recordings from computational electrophys-
iological simulations. The markers placed by the algo-
rithm were validated against manual expert inspection
and were considered correct in over 99% of cases. This
open source algorithm enables standardized, reproducible
and operator-independent high-throughput analyses of di-
verse AP recordings, facilitating quantitative comparisons
of electrophysiological properties in various types of CMs.

1. Introduction

Analyzing cardiac AP properties has been a crucial tool
in arrhythmia and drug development research for decades.
In recent years, hiPSC-CMs have emerged as a promis-
ing in vitro model for translational cardiac research. In
contrast to most isolated native CMs, hiPSC-CMs show
spontaneous electrical activity. This allows to simultane-
ously investigate parameters from both individual APs and
the collective readouts from multiple APs such as beating

frequency or arrhythmogenicity in vitro. However, due to
the diverse morphologies of hiPSC-CM APs, the quan-
tification of standard AP parameters can be challenging
compared to APs obtained from stimulated isolated native
CMs. Moreover, manual analyses are time-consuming and
depend on the operator’s subjective judgment, which ham-
pers reproducible, quantitative comparisons between vari-
ous types of CMs.

There are multiple tools available to extract standard AP
parameters from AP recordings. However, all of them have
specific limitations and are not capable of analyzing AP
recordings from various types of CMs in a standardized
way, thus a tool allowing for direct comparisons is lacking.

ParamAP focuses on the quantification of AP parame-
ters of sinoatrial node (SAN) CMs and comes with a graph-
ical user interface but was designed for analyzing SAN
cells only [1]. Moreover, this tool is dependent on user-
customization of e.g. the window size of Savitzky-Golay
filtering to not mistake noise artifacts for peak potentials,
which hampers inter-operator comparisons.

BAPTA is a tool for analyzing spontaneous and trig-
gered cardiac APs from CMs of multiple species and
origin. It is written in R language and was designed
to overcome operator-dependent bias and improve high
throughput analyses [2]. However, the peak detection re-
lies on a user-dependent threshold, which may impede
high throughput analyses of datasets showing variable AP
recordings with different peak potentials and also affects
the inter-operator comparability of analyzed parameters.
Additionally, analyzed AP parameters are derived non-
uniformly for spontaneous and triggered APs not allowing
for direct comparisons.

ActionPytential is another software solution with a
graphical user interface, which is based on segmenting
continuous AP recordings to individual APs [3]. It enables
analyses of AP parameters from multiple tissue types (e.g.
ventricular or atrial trabecules, isolated CMs or Purkinje
fibers) and acquisition techniques (e.g. optical mapping,
single cell current clamp techniques or in silico modeling).
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While allowing for AP analyses of both slow-response and
regular APs, this software has not been tested on the great
variety of hiPSC-CM APs. Moreover, this software tool
offers multiple manual customization options. On the one
hand, it might be beneficial to adapt the analyses to the
user’s needs. On the other hand, manually selecting a cut-
off frequency for filtering or defining a time frame for the
starting and ending of an AP hinders inter-operator com-
parisons. Similarly to BAPTA, there are multiple options
to calculate the identical AP parameter, which does not al-
low for standardized comparisons between multiple oper-
ators and research teams.

In summary, there are numerous software solutions au-
tomating the extraction of standard AP parameters from
cardiac electrophysiological recordings of various tissue
types and acquisition techniques. However, to the best of
our knowledge, none of them follows a standardized ap-
proach for extracting quantitative AP parameter regardless
of the type of CMs and without manually adapting analy-
sis parameters. Here, we introduce CAPPA, a consistent,
fast and reproducible open source algorithm focusing on
operator-independent results to directly compare quantita-
tive AP parameters from various types of CMs.

2. Methods

Given the variability and noise in hiPSC-CM AP record-
ings, classical mathematical tools or thresholding cannot
be directly applied. In contrast to most other software so-
lutions, the foundation of our algorithm is not built on the
detection of peaks or minima. Instead, APs are identified
as sequences characterized by a potential rise exceeding
20 mV within a time frame of less than 25 ms. This al-
lows reliable and robust detection of depolarization phases
of spontaneously beating hiPSC-CMs of multiple maturi-
ties with a great variety in upstroke velocities and peak
potentials, as well as depolarization phases of stimulated
isolated CMs, SAN CMs, HL-1 cells and computational
electrophysiological simulations.

The raw AP recording is filtered with a 2nd order Butter-
worth low-pass filter at a cutoff frequency of 1 kHz. Mark-
ers for the start of an AP, maximum upstroke velocity, peak
potential and maximum diastolic potential (MDP) are de-
rived automatically. For each index at the beginning of
a sequence identified as an upstroke, the maximum up-
stroke velocity in a time interval of 100 ms is detected, as
illustrated in Figure 1. Any subsequent markers occurring
within this time interval are excluded from further analy-
ses. This time interval was determined assuming a max-
imum beating frequency of 10 Hz. The peak potential is
defined by the greatest potential within a time interval of
100 ms after the maximum upstroke velocity. The MDP
is defined as the lowest potential between two consecutive
peaks or before (after) the first (last) peak, respectively.
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Figure 1: Grey markers denote the beginnings of se-
quences characterized by a potential rise exceeding 20 mV
within a time frame of less than 25 ms. For each marker,
the maximum upstroke velocity is determined in a time in-
terval of 100 ms.

2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9
Time (s)

60
40
20

0
20
40
60

V m
 (m

V)
AP start
max. up. vel
MDP

AP start
line fitted to max. up. vel.
horizontal line through MDP

Figure 2: The start of an AP is identified by calculating the
point on the time axis where a line fitted to the maximum
upstroke velocity intersects the MDP prior to the depolar-
ization phase.

The start of an AP is marked by the intersection of a line
fitted to the maximum upstroke velocity and a horizontal
line at the MDP before the upstroke, as shown in Figure 2.
The first and last AP are investigated further to assure that
both APs are entirely recorded.

Based on these markers, standard AP parameters are ex-
tracted, as illustrated in Figure 3. The AP amplitude is
defined by the difference between the peak potential and
the subsequent MDP. The time to peak and repolarization
time are calculated as the time intervals between AP start
and the peak potential, and the peak potential and the sub-
sequent MDP, respectively. The APD is defined by the
time interval between the start of an AP and the first point
in time after a peak at which the potential is lower than
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Figure 3: Analyzed AP parameters

the respective amount of repolarization, e.g. 90 % (con-
sidering the AP amplitude). To account for varying beat-
ing frequencies and to facilitate quantitative comparisons
between spontaneously beating hiPSC-derived and stim-
ulated CMs, the raw APD values are supplemented with
cAPDs corrected according to Bazett’s formula. To obtain
further information on the shape of an AP, the area of the
AP enclosed by the potential at 90% repolarization is cal-
culated using Simpson’s rule. The cycle length is derived
by the time interval between two subsequent AP starts and
the frequency by the inverse of the cycle length.

Analyses can be performed either on single AP record-
ings or on an entire directory containing multiple AP
recordings by iterating through all sub-directories for high-
throughput analyses. The input files can be of any type
separated by a user-defined character (e.g. .csv, .txt, .dat).
Axon binary files (.abf) files can be used as well. If in-
formation on the stimuli are given, stimulus artifacts are
excluded from the AP analysis.

As output files, images of the AP recordings featuring
the automatically derived AP markers are provided along-
side a .csv table containing the mean and standard devi-
ation of all AP parameters. These values are obtained
by considering APs within a time interval of user defined
length, which is applied to the sequence exhibiting the low-
est variance in cycle length, thus representing the most sta-
ble sequence.

The open source code written in Python language is
available under the Apache 2.0 license (gitlab.kit.edu/kit/
ibt-public/cappa [4]) for use and further development.

3. Results

The algorithm was evaluated using 501 AP recordings
from hiPSC-CMs, 873 AP recordings from stimulated iso-
lated native CMs, 133 AP recordings from HL-1 cells and

100 AP recordings from various exemplary computational
models, including those by Courtemanche et al., Grandi et
al., Ohara et al. and ten Tusscher et al. In the absence of
a ground truth, our algorithm was validated against thor-
ough manual expert inspection. The markers placed by the
algorithm were considered correct in over 99% of cases,
computed in 0.4 s for a 60 s AP recording encompassing
20 APs sampled at 10 kHz.

The tested AP recordings exhibited a wide range of mor-
phologies, including maximum upstroke velocities ranging
from 2 mV/ms to 120 mV/ms, MDPs ranging from –82 mV
to –40 mV, peak potentials ranging from 20 mV to 50 mV,
APD90 ranging from 90 ms to 700 ms, and beating frequen-
cies ranging from 0.5 Hz to 4 Hz.

Exemplarily, we compared AP parameters in 12 isolated
native atrial control CMs and 16 atrial-like control hiPSC-
CMs. The spontaneously beating hiPSC-CMs showed a
more depolarized MDP (–49.17 mV vs. –68.86 mV, all val-
ues are means unless specified otherwise) and a lower max-
imum upstroke velocity (9.78 mV/ms vs. 56.73 mV/ms)
and AP amplitude (75.79 mV vs. 111.16 mV) compared
to isolated native CMs. However, the APD90 and area of
APD90 were greater in hiPSC-CMs compared to isolated
native CMs (276.77 ms vs. 89.76 ms and 7.50 mVms vs.
2.08 mVms). Two representative examples of APs from
stimulated isolated native CMs and hiPSC-CMs are shown
in Figure 4. Both APs show notable discrepancies. The AP
from the stimulated isolated native CMs exhibits a fast up-
stroke, fast early repolarization phase and an overall con-
cave shape. In contrast, the upstroke and early repolariza-
tion phase of the hiPSC-CM AP is slower compared to the
stimulated isolated native CM AP. Moreover, the shape of
the hiPSC-CM AP is more triangular in the first repolar-
ization phase and exhibits a decreased curvature compared
to stimulated isolated native CM APs.
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Figure 4: Comparison between two representative exam-
ples of stimulated isolated native atrial CMs (left) and
atrial-like hiPSC-CMs (right).
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4. Discussion

The algorithm showed a high accuracy in placing funda-
mental AP markers and extracting quantitative AP param-
eters. This was achieved despite a large variety of the ana-
lyzed AP recordings while not manually adapting any op-
tions. Such accessible and standardized tooling has proven
beneficial for example in the field of ECG analysis [5].

In our analyses, hiPSC-CMs showed a less negative
MDP and a slower maximum upstroke velocity than iso-
lated native CMs, which is in line with comparisons be-
tween ventricular-like hiPSC-CMs and native ventricular
CMs [6]. This may be explained by the immaturity of
hiPSC-CMs [7]. To account for this limitation, long-term
culture could be utilized, albeit this is time-consuming and
allows hiPSC-CMs to only develop up to a certain matu-
rity [8]. The less negative MDP can be explained by con-
siderably less functional expression of IK1 and expression
of If, which in combination also contribute to the sponta-
neous electrical activity of hiPSC-CMs [9].

The APD90 and area of APD90 was larger in hiPSC-CMs
than in isolated native CMs. Given the decreased ampli-
tude observed in hiPSC-CM APs, the increased area of
APD90 compared to isolated native CMs cannot only be
explained by the longer APD90 but rather by the shape of
the AP. While main potassium current components Ito, IKur
IKr and IKs present in native adult CMs were also found in
hiPSC-CM, Ito and IKur show a lower functional expression
in hiPSC-CMs compared to native CMs explaining the dif-
ferences in the repolarization phase [9, 10].

As described, there are notable differences between
hiPSC-CM APs and native adult CM APs, which need to
be considered when performing direct comparisons. More-
over, our results are in line with comparisons between
hiPSC-CMs and native adult CMs found in literature, fur-
ther confirming the correct automatic extraction of quanti-
tative AP parameters.

In conclusion, the open source algorithm CAPPA en-
ables standardized, reproducible and operator-independent
high-throughput analyses of diverse AP recordings, fa-
cilitating quantitative comparisons of electrophysiological
properties in various types of CMs.
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