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A B S T R A C T

This work introduces the first atrial-specific in-silico human induced pluripotent stem cells-derived cardiomy-
ocytes (hiPSC-CMs) model, based on a set of phenotype-specific 𝐼𝐾𝑢𝑟, 𝐼𝐾𝐶𝑎 and 𝐼𝐾1 membrane currents. This
model is built on novel in-vitro experimental data recently published by some of the co-authors to simulate
the paced action potential of matured atrial-like hiPSC-CMs. The model consists of a system of stiff ordinary
differential equations depending on several parameters, which have been tuned by automatic optimization
techniques to closely match selected experimental biomarkers. The new model effectively simulates the
electronic in-vitro hiPSC-CMs maturation process, transitioning from an unstable depolarized membrane
diastolic potential to a stable hyperpolarized resting potential, and exhibits spontaneous firing activity in
unpaced conditions. Moreover, our model accurately reflects the experimental rate dependence data at different
cycle length and demonstrates the expected response to a specific current blocker. This atrial-specific in-silico
model provides a novel computational tool for electrophysiological studies of cardiac stem cells and their
applications to drug evaluation and atrial fibrillation treatment.
1. Introduction

In this study, we propose a novel atrial-like (AL) in-silico model of
human induced pluripotent stem cells-derived cardiomyocytes (hiPSC-
CMs), based on a set of phenotype-specific membrane currents (namely
𝐼𝐾𝑢𝑟, 𝐼𝐾𝐶𝑎 and 𝐼𝐾1, defined in Section 2.3). This model is built on novel
in-vitro experimental data recently published in [1] to simulate the
paced action potential (AP) of matured AL hiPSC-CMs.

HiPSC-CMs have greatly advanced the field of Regenerative Medi-
cine since their discovery in 2006 by Yamanaka et al. [2,3], which then
led to the Nobel Prize in Medicine in 2012. In the same decade, Ya-
manaka group refined the capacity to differentiate hiPSCs into disease-
relevant cell types such as cardiomyocytes, providing an unprecedented
opportunity for the generation of human patient-specific cells for use
in disease modelling, personalized drug screening, and regenerative
approaches toward precision medicine, see [4–6]. The unlimited pro-
duction of hiPSC-CMs provides new opportunities to evaluate in-vitro
models of human cardiomyocytes in normal or pathological conditions

∗ Corresponding author at: Euler Institute, Faculty of Informatics, Università della Svizzera Italiana, Lugano, 6900, Switzerland.
E-mail address: sofia.botti@usi.ch (S. Botti).

that can be used in drug efficacy and safety testing. Moreover, hiPSC-
CMs also have the potential to become an essential tool to better
understand the familial form of atrial fibrillation (AF), a common
disease affecting atrial cells, see [7,8]. The best option currently used
for treating the disease is interventional therapy, namely ablation.
Several ion channel mutations, along with a range of other genetic
variants and broader risk factors, are known to increase the likelihood
of developing AF, [9]. Therefore, hiPSC-CMs technology ideally aligns
with the patient-specific medicine challenge, since these cells have the
same genetic heritage as the donor, [5,10].

In recent years, mathematical models of the hiPSC-CMs ionic cur-
rents have focused on immature phenotypes, developing a system
of stiff ordinary differential equations (ODEs). Previous studies char-
acterizations of the CMs phenotype were based on AP morphology,
but the classification criteria were still undefined. Thus, the forerun-
ner model [11] was based on recordings obtained from a mixture of
ventricular-like (VL), atrial-like (AL), and nodal-like hiPSC-CMs and
010-4825/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access a
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the phenotypical heterogeneity was reproduced considering different
scalings, instead of phenotype-specific currents. Since cardiac chan-
nelopathies can impact the entire heart or be confined to specific
chambers, it is essential to gain a comprehensive understanding of
cardiac activity and ion channel functions in both AL and VL hiPSC-
CMs. Nevertheless, before investigating cardiac channelopathies using
hiPSC-CMs, it is crucial to thoroughly examine their electrophysio-
logical properties, as done in [12], characterizing ionic currents and
electrical activity in hiPSC-CMs. Recent findings, [12], highlight signif-
icant electrophysiological differences between VL and AL hiPSC-CMs,
some of which do not align with those observed in mature human
cardiac models.

Nowadays, the employment of maturation techniques highlight the
chamber-specific AP phenotype of the cells, [13]. Between developed
chamber-specific cultures, atrial ones accurately reflect the electrophys-
iological characteristics of atrial tissue, which are essential in drug
testing scenarios. These atrial-specific cultures enable a more nuanced
evaluation of drug responses, especially in the context of AF, atrial-
specific arrhythmias or pathologies, providing a valuable platform for
assessing the safety and efficacy of pharmaceutical interventions in a
chamber-specific manner, [14]. Furthermore, computational models of
a diseased tissue could be used to virtually evaluate drugs through a
patient-specific model, by paving the way for improving therapeutic
targets or ablation techniques. To this end, a phenotype-specific in-silico
models, for both AL and VL hiPSC-CMs could be useful to realize a
virtual platform, which allows to predict the drug effect in a single cell
or in cardiac tissue.

In this direction, the latest version of hiPSC-CMs ionic model pre-
sented in [15] still provides a developed VL model, while in this work
we present the first AL in-silico model of hiPSC-CM ionic currents,
based on novel experimental data, just published in [1]. First of all, the
baseline electrophysiological model is summarized, as well as the math-
ematical description of atrial-specific additional currents. Moreover,
the fine tuning of the model parameters was performed by means of
an automatic optimization technique, in order to reproduce realistic AP
transient shape and to speed up the parameter tuning phase. Finally, the
resulting model was presented and validated against rate dependence
and atrial-specific ion current blocking data. By developing this AL
hiPSC-CM model, we contribute to bridging the gap in computational
models, enabling a more accurate representation and evaluation of drug
responses in atrial tissues. This advancement holds promise for enhanc-
ing therapeutic strategies and personalized treatment approaches for
atrial-specific arrhythmias.

2. Materials and methods

2.1. Experimental data set

In cultures of hiPSC-CMs, the time independent inward-rectifier K+

current (𝐼𝐾1), that usually maintains negative the membrane diastolic
otential (MDP), can be too low or even lacking, leading to unstable
DP, if compared to the mature CMs. These immature electrophys-

ological conditions correspond to a spontaneous firing activity or
depolarized resting (≃ −20mV). Dynamic clamp (DC) is a valid

nd effective approach to overcome immature electrical properties of
iPSC-CM through the injection of a virtual 𝐼𝐾1 current in a real time

mode. DC then leads to a more hyperpolarized MDP allowing the cells
to exhibit a more mature AP.

The experimental data set consists of AP recordings from hiPSC-CMs
obtained by whole cell patch clamp configuration, in paced condition,
with extracellular concentrations Na+ = 154.0, K+ = 4.0, Ca2+ = 2.0mM.
Experimental data were acquired under controlled temperature and
during recordings, the temperature was maintained at 37 ◦C. iPSCs
were obtained by reprogramming adult human dermal fibroblasts of
male healthy volunteer. Primary cell lines were derived from a biobank
established within previous studies at Cardiocentro Ticino Institute
2

c

Table 1
Experimental data at 1 Hz provided by Altomare et al. in [1]. These biomarkers
were also considered for the parameter optimization. Weights used in the automatic
optimization process, determined using a heuristic approach and are also summarized
in the table.

Biomarkers Weights in the cost function Experimental data

Mean Std. Dev.

MDP [mV] 8 −87.11 4.77
APD90 [ms] 8 132.47 39.77
APD50 [ms] 1 93.61 40.23
APD20 [ms] 1 36.06 19.03
APD20∕90 1 0.26 0.10
Vmax [mV∕ms] 2 101.55 23.8
APA [mV] 1 114.05 8.15

Table 2
Atrial reparametrization of the VL hiPSC-CMs [15]. First set of parameters, scaled
according to the specific relation provided in [11]. Setting VL parameters provided
in [15] as a starting point, AL values for the presented model can be deduced using
the given reparametrization.

Basic fitting VL parameter AL parameter Units

𝐶𝑚 𝐶𝑚,𝑣∕1.113 𝐶𝑚,𝑣 = 98.7109 0.887 ∗ 𝐶𝑚 = 78.6672 pF
𝑉𝑢𝑝 – 𝑉𝑢𝑝,𝑣 = 0.82205 0.3924 ∗ 𝑉𝑢𝑝,𝑣 = 0.3226 mM∕s
𝑔𝑖𝑟𝑒𝑙 – 𝑔𝑖𝑟𝑒𝑙,𝑣 = 55.808061 1.1109 ∗ 𝑔𝑖𝑟𝑒𝑙,𝑣 = 75.4190 mM∕s
𝑉𝑐 – 𝑉𝑐,𝑣 = 8800 𝑉𝑐,𝑎 = 7012 μm3

𝑉𝑆𝑅 – 𝑉𝑆𝑅,𝑣 = 583.728 𝑉𝑆𝑅,𝑎 = 465.199 μm3

Ente Ospedaliero Cantonale. All studies were approved by the local
Ethics Committee (Comitato Etico Cantonale, Bellinzona, Switzerland;
Ref. CE 2923) and performed according to the Declaration of Helsinki.
The hiPSCs were differentiated into cardiomyocytes and treated with
retinoic acid (RA, 1 μM) to induce atrial differentiation, [1,13,16–18].
APs were stimulated at 1 Hz during superfusion of Tyrode’s solution:
154 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5.5 mM D-
glucose, and 5 mM HEPES-NaOH. The pipette solution contained:
23 mM KCl, 110 mM KAsp, 0.4 mM CaCl2, 3 mM MgCl2, 5 mM HEPES-

OH, 1 mM EGTA-KOH, 0.4 mM NaGTP, 5 mM Na2ATP, and 5 mM
a2PC. Analysis of electrical biomarkers have been made on average

ecording at steady state time point (at least 1 min after). During
he experiments, APs, recorded from the hiPSC-CMs, were acquired to
rive the numerical formulation of the time independent 𝐼𝐾1 current

(taken from the Koivumäki atrial AP model [19]) in DC. Modelled
𝐼𝐾1 was calculated in real-time and injected into the myocyte during
ontinued AP recording. All experimental APs data were corrected for
he estimated liquid junction potential (a shift of −8 mV was applied),
ee [20].

The following biomarkers, summarized in Table 1, were considered:
iastolic potential MDP, action potential amplitude (APA), AP duration
APD) at 20, 50, and 90% of AP repolarization (APD20, APD50, and
APD90), maximum upstroke velocity (Vmax) and APD20∕90 (APD20 over
PD90) ratio selected as the critical biomarker to discriminate AL versus
L hiPSC-CM. Notably, the latest parameter, explainable as the APD20
ormalization, was widely used to characterize the typical triangulation
trial shape and a long plateau ventricular shape and distinguish the
wo different AP profiles in human working CMs. A cut-off value of
his biomarker was defined in [1] using unsupervised learning and it
as been pharmacologically validated in a distinct subset of cells.

Each measurement was characterized by its mean value and its
tandard deviation (Std. Dev.) over a variable number of beats (10–15,
t steady-state time point), on a total of 10 cells.

.2. Atrial parametrization of the VL hiPSC-CMs model

The VL hiPSC-CMs model [15], adapted to the extracellular K+

oncentration of the experimental recordings of Altomare et al. [1],
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was used as the baseline to build an atrial specific in-silico model for
hiPSC-CMs. The matching with the experimental condition Ko = 4.0mM
ffected the reversal potential 𝐸𝐾 = −96.8mV and ion currents, such as
𝑁𝑎𝐾 and 𝐼𝐾𝑟, with effects on the AP duration.

Following the classical Hodgkin–Huxley formalism, the ionic cur-
ents through membrane channels were described by the transm-
mbrane potential 𝑉𝑚, the vector of the R gating variables 𝒘 =
𝑤1,… , 𝑤R), where R = 18 in [15], and ionic concentrations 𝒄 =
𝑁𝑎𝑖, 𝐶𝑎𝑖, 𝐶𝑎𝑆𝑅), where 𝐶𝑎𝑆𝑅 means the Ca2+ concentration in the
arcoplasmic Reticulum (SR). This leads to the following system of
DEs.

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐶𝑚
d𝑉𝑚
d𝑡

= 𝐼𝑖𝑜𝑛
(

𝑉𝑚, 𝑤1,… , 𝑤R, 𝑐1, 𝑐2, 𝑐3
)

(a)

d𝒘𝑟 (𝑡)
d𝑡

= 𝑚𝑟
𝑤
(

𝑉𝑚, 𝑤1,… , 𝑤R) 𝑟 = 1,… ,R (b)

d𝒄𝑠 (𝑡)
d𝑡

= 𝑚𝑠
𝑐
(

𝑉𝑚, 𝑤1,… , 𝑤R, 𝑐1, 𝑐2, 𝑐3
)

𝑠 = 1, 2, 3 (c)

(1)

here 𝐶𝑚 is the membrane capacitance and 𝐼𝑖𝑜𝑛 is the sum of 13
embrane currents and the stimulus current.

As a first step towards the atrialization we rescaled 11 parameters
f the VL hiPSC-CMs model [15] by factors provided by the literature
nd summarized in Table 1 of [11]. Among them, two different sets
an be identified. The first one corresponds to parameters for which
specific relation between VL and AL phenotype is provided in the

iterature, since they do not derive from data fitting. The corresponding
alues of this first set in [15] are now the ventricular parameters,
sed to evaluate the atrial one through the proposed scaling in [11].
n the second set, parameters were derived by fitting a mixed pool of
oltage clamp data, affected by phenotypical heterogeneity. There, the
esulting basic fitting parameters were scaled through functions 𝑓𝑎, 𝑓𝑣
o the AL or VL versions. In our case, basic fitting parameters needed
or the rescaling, are computed through the inverse function 𝑓−1

𝑣 from
he VL value provided in [15]. Some of these changes are summarized
n Table 2, while parameters not appearing in the table will feed the
ptimization process, detailed in Section 2.4.

.3. Additional atrial-specific currents

The parental AL model proposed in [11] was based on mixed
ecordings, thus any atrial-specific current could be considered into the
odel. Several membrane currents are only expressed in the atria and
e considered the integration in the new AL model of the ultrarapid de-

ayed rectifier current (𝐼𝐾𝑢𝑟) and the small conductance Ca2+ activated
+ (SK) channel (𝐼𝐾𝐶𝑎).

.3.1. Ultrarapid delayed rectifier current formulation
The outward 𝐼𝐾𝑢𝑟 is the first atrial-specific additional current we

ntegrated into the model, since it plays a significant role in human
trial repolarization and is generally characterized by rapidly activa-
ion, and slow and partial inactivation. Due to atrial-specific expression,
he pharmacological inhibition of 𝐼𝐾𝑢𝑟 takes into account the selective
trial APD prolongation with minimal adverse effects in the ventricles.

We considered the Courtemanche’s formulation described in [21]
ritten as follows:

𝐼𝐾𝑢𝑟 = 𝑔𝐾𝑢𝑟 ⋅ 𝑢
3
𝑎 ⋅ 𝑢𝑖 ⋅

(

𝑉𝑚 − 𝐸𝐾 ⋅ 103
)

𝐾𝑢𝑟 = coeffKur ⋅

⎡

⎢

⎢

⎢

⎣

0.005 + 0.05

1.0 + exp
(

− 𝑉𝑚−15.0
13.0

)

⎤

⎥

⎥

⎥

⎦

,
(2)

where 𝑔𝐾𝑢𝑟 is the maximum conductance and coeffKur is an additional
escaling factor assumed to be equal to 1. The current dynamic is
efined by two specific gating variables, 𝑢𝑎, 𝑢𝑖, with an Hodgkin–
uxley first order dynamic described by the following equations, where
3

r

𝐾𝑄,10 = 3:

𝛼𝑢(𝑎) = 0.65
[

𝑒−
𝑉𝑚+10.0

8.5 + 𝑒−
𝑉𝑚−30.0

59.0

]−1

𝛽𝑢(𝑎) = 0.65 ⋅
[

2.5 + 𝑒−
𝑉𝑚+82.0

17.0

]−1

𝜏𝑢(𝑎) =
𝐾𝑄,10

𝛼𝑢(𝑎) + 𝛽𝑢(𝑎)

𝑢𝑎(∞) =
[

1.0 + 𝑒−
𝑉𝑚+30.0

9.6

]−1

d𝑢𝑎
d𝑡

=
𝑢𝑎(∞) − 𝑢𝑎

𝜏𝑢(𝑎)

𝛼𝑢(𝑖) =
[

21.0 + 𝑒−
𝑉𝑚−185.0

28.0

]−1

𝑢(𝑖) = 𝑒−
𝑉𝑚+158.0.0

16.0

𝜏𝑖𝑢𝑟 =
𝐾𝑄,10

𝛼𝑢(𝑖) + 𝛽𝑢(𝑖)

𝑢𝑖(∞) =
[

1.0 + 𝑒−
𝑉𝑚−99.45

27.48

]−1

d𝑢𝑖
d𝑡

=
𝑢𝑖(∞) − 𝑢𝑖

𝜏𝑢(𝑖)
Finally, initial conditions for the new gating variables are given in

Appendix B.

2.3.2. Small conductance Ca2+ activated K+ channel
The second additional current we take into account is 𝐼𝐾𝐶𝑎, pre-

sented by Skibsbye in 2016, [22]. SK channel opening is described as a
two-state Markov model. The opening of the channel simply depends on
the sub-sarcolemmal Ca2+ concentration, 𝐶𝑎𝑖. The equations proposed
for the opening of the channel are:

𝐾𝐶𝑎𝑜𝑛 = 47.0 ⋅ 106

𝐾𝐶𝑎𝑜𝑓𝑓 = 13.0
d𝑂
d𝑡

= (1 − 𝑂) ⋅𝐾𝐶𝑎𝑜𝑛 ⋅ 𝐶𝑎2𝑖 − 𝑂 ⋅𝐾𝐶𝑎𝑜𝑓𝑓

here 𝑂 is the opening gating variable. The resulting current equation
s

𝐾𝐶𝑎 = 𝑔𝐾𝐶𝑎 ⋅ 𝑂 ⋅
𝑉𝑚 − 𝐸𝐾 ⋅ 103

1 + exp
(

𝑉𝑚−𝐸𝐾 ⋅103+120.0
45.0

) , (3)

where the maximum conductance is 𝑔𝐾𝐶𝑎 = 0.072
[

nS∕pF
]

.

.3.3. Time independent inward-rectifier K+ current formulation
As described in the first section, RA-treated CMs were simulates

using the DC protocol to overcome the limitation of the low 𝐼𝐾1
expression in immature hiPSC-CM, as described in [1,23]. Since the
model has to be consistent with experimental data we are trying to
replicate in-silico the injection of 𝐼𝐾1 current, changing the arbitrar-
ily proposed formulation. Among the two state-of-the-art 𝐼𝐾1 in-silico
currents injected in DC mode [1], we integrated in the model the
human atrial specific 𝐼𝐾1 formulation published in 2011 by Koivumäki
et al. [19], and in 1998 by Nygren et al. [24]. 𝐼𝐾1 current, responsible
for the late repolarization phase, is thus described by the following
equation:

𝐼𝐾1 = 𝑔𝐾1 ⋅𝐾
0.4457
𝑖 ⋅

𝑉𝑚 − 𝐸𝐾

1.0 + 𝑒1.5(𝑉𝑚−𝐸𝐾+3.6)𝐹∕𝑅𝑇
(4)

where 𝑔𝐾1 = 0.0765
[

nS∕pF
]

, 𝐹 is the Faraday’s constant, 𝑅 is the gas
onstant and 𝑇 is the absolute temperature.

.4. Parameter optimization

The resulting model, extended with additional atrial-specific cur-

ents was used as a baseline model. Firstly, we manually increased
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Table 3
Optimized parameters. We provide the complete set of parameters chosen for manual or automatic optimization. Lower and
upper boundaries are provided for the automatic tuning only.

Parameter Starting value LB UB Optimized value Units

Manual tuning

𝑔𝐾𝑟 29.86 – − 16.8723 S∕F
𝑔𝐾1 0.15 – − 0.169 nS∕pF
𝑔𝑏𝑁𝑎 1.14 – − 0.114 S∕F
𝑅𝑦𝑅𝑎1 0.05169 – − 0.1034 μM
coeffKur 1 – − 3.5 –

Automatic tuning

𝑔𝑁𝑎 1.1116 ⋅ 104 8.1701 ⋅ 103 1.5173 ⋅ 104 9.8001 ⋅ 103 S∕F
𝑔𝑓 22.276 15.5934 28.9592 25.9 S∕F
𝑔𝐶𝑎𝐿 8.6 ⋅ 10−5 6.045 ⋅ 10−4 1.1226 ⋅ 10−4 7.45 ⋅ 10−5 S∕F
𝑔𝑡𝑜 59.8 41.8653 77.7499 59.45 S∕F
𝑔𝐾𝑠 2.041 1.4287 2.6533 2.0856 S∕F
𝑔𝑃𝐶𝑎 0.412 0.2887 0.5363 0.4570 S∕F
𝑔𝑁𝑎𝐿 2.3 ⋅ 7.5 12.0750 22.425 13.3509 S∕F
𝑔𝐾𝐶𝑎 0.072 0.0504 0.0936 0.0754 S∕F
𝑘𝑁𝑎𝐶𝑎 3.26 ⋅ 103 2.2801 ⋅ 103 4.2344 ⋅ 103 3.4507 ⋅ 103 A∕F
𝑃𝑁𝑎𝐾 2.192 1.5357 2.8521 2.2718 A∕F
s
t

m

f

and calibrated: (i) the maximal conductance 𝑔𝐾1 in the novel 𝐼𝐾1
ormulation, mostly responsible of the shortening of the APD90 and the
yperpolarization of the MDP, (ii) K+ driven currents 𝐼𝐾𝑟 and 𝐼𝐾𝑢𝑟 af-
ecting the fast repolarization phase, through the maximal conductance
𝐾𝑟, and the additional scaling factor coeffKur in Eq. (2), (iii) the maxi-
al conductance 𝑔𝑏𝑁𝑎 and the adaptation gate constants of the release
𝑦𝑅𝑎1 in order to restore intracellular Ca2+ and Na+ concentrations to
hysiological ranges and prevent the cell from accumulating Ca2+ in the
R. Secondly, voltage-dependent inactivation time constants 𝜏𝑓1, 𝜏𝑓2 in
𝐶𝑎𝐿 inactivation gating variable 𝑓1, 𝑓2 where updated in order to shift
he recovery from inactivation towards more negative values of 𝑉𝑚.

𝑓2 = 600𝑒−
(𝑉𝑚+𝟓𝟎)2

𝟒𝟎𝟎 + 31

1 + 𝑒
25−𝑉𝑚

10

+ 𝟏

1 + 𝑒
30+𝑉𝑚

10

𝜏𝑓1,𝑠 = 20 + 1102.5𝑒−
(𝑉𝑚+𝟓𝟎)2

15 + 200

1 + 𝑒
13−𝑉𝑚

10

+ 𝟐𝟖𝟎

1 + 𝑒
30+𝑉𝑚

10

𝑓1 = 𝜏𝑓1,𝑠 ⋅ 𝐂𝐟𝟏

𝐟𝟏 =

{

𝟏.𝟑𝟓⋅
[

1 + 1433 ⋅
(

𝐶𝑎𝑖 − 50 ⋅ 10−6
)]

, if 𝑑𝑓1
𝑑𝑡 > 0

1, otherwise

old values are resulting optimized parameters.
Finally, we performed the parameter optimization using a hybrid

pproach, combining a genetic optimization and a simplex optimiza-
ion, as described in [25]. The first step solves the unconstrained
ptimization problem using the Matlab function gamultiobj, which finds
he minimum on the Pareto Front of the cost function. It is based
n a genetic algorithm which mimics the natural selection process in
iological evolution, iteratively modifying a population of individual
olutions. The second step is based on the Matlab fminsearchbnd func-
ion, which effectively implements the Nelder–Mead Simplex Method
nd finds the minimum of a unconstrained multivariable cost function
sing a derivative-free method. The resulting hybrid method minimized
he cost function, built on the experimental biomarkers we want to
imulate. The chosen in-vitro biomarkers are the same provided in [1]
nd they are reported also in Table 1. The cost function structure is
efined by the following equations:

𝑜𝑠𝑡 =
𝑁
∑

1
𝑤𝑖 ⋅ 𝐶𝑜𝑠𝑡𝑖

𝑜𝑠𝑡𝑖 =

(

𝑏𝑖 − 𝐿𝐵𝑖
)2
1{𝑏𝑖<𝐿𝐵𝑖} +

(

𝑏𝑖 − 𝑈𝐵𝑖
)2
1{𝑏𝑖>𝑈𝐵𝑖}

0.5 ⋅ |𝐿𝐵𝑖 + 𝑈𝐵𝑖|

(5)

where 𝑏𝑖 is the 𝑖th biomarker, 𝑁 the number of biomarkers used, 𝑤𝑖 the
weight for each biomarker’s cost and 𝐿𝐵𝑖, 𝑈𝐵𝑖 the lower and the upper
bound respectively for the considered biomarker 𝑖. Each bound depends
on the experimental standard deviation of the single biomarker. Pa-
rameters were chosen to include all the main ionic conductances and
can be listed as follows: (i) the maximum conductances of 𝐼 , 𝐼 ,
4

𝑁𝑎 𝑓
𝐼𝐶𝑎𝐿, 𝐼𝑡𝑜, 𝐼𝐾𝑠, 𝐼𝑝𝐶𝑎, 𝐼𝑁𝑎𝐿, 𝐼𝐾𝐶𝑎, (ii) 𝑘𝑁𝑎𝐶𝑎, 𝑃𝑁𝑎𝐾 . The parameter values
were constrained in a range [−30%,+30%] with respect to their starting
value, given in the VL hiPSC-CMs model [15] or as a result of its atrial
parametrization described in the previous section, in order to avoid
non-physiological values, such as negative conductances.

Biomarkers were computed at the steady state (after 800 s) as the
average of the last 2 beats. Results are summarized, both for the manual
tuning and the automatic optimization, in Table 3.

2.5. Numerical simulation setting

Our model was implemented in MATLAB (The MathWorks, Natick,
MA). Numerical integration was performed using a solver for stiff
systems (ode15s), with an initial step size of 2 ⋅ 10−5 s and a maximum
tep size of 1ms. To accurately reproduce experimental condition and
he external stimulus applied to the cell, an additional current 𝐼𝑠𝑡𝑖𝑚

(amplitude 1.41 nA, duration 2ms) was applied in the model with the
frequency of 1 Hz. Simulations were always conducted at steady state,
reached after 800 s of simulations. The resulting initial conditions at
steady state are summarized in Appendix A. Conversely, to test the
APD dependence on the applied pacing rate, we paced the AL model
at 1, 1.5, 2 and 4 Hertz, cycle length (CL) 1000, 750, 500 and 250 ms
respectively, for 800 beats to reach the steady state. To test the current
block effect the model was paced setting the frequency equal to 1 Hz.

3. Results

3.1. The new AL hiPSC-CMs model

The introduction of atrial-specific ionic currents and the subse-
quent automated optimization process successfully identified a new
phenotype-specific AL ionic model. A schematic diagram of our AL
hiPSC-CM model is reported in Fig. 1, showing the cell structure:
the model includes two compartments, namely cytosol and Sarcoplas-
mic Reticulum SR, as well as the main ion channels, exchangers and
pumps. The model follows the classical Hodgkin–Huxley formulation,
which describes the transmembrane potential through the ODEs system
Eq. (1), where R = 21. There, 𝐼𝑖𝑜𝑛 is the sum of 15 ion currents,
exchangers and pumps (see Fig. 1), accurately reported in Appendix
A. All model equations and parameter values are provided in Appendix
B. In Fig. 2 simulated paced AP trace and Ca2+ transients at steady state
in paced conditions are reported, together with the 15 ionic membrane
currents, and the fluxes from the SR.

In the upper panels, below the AP traces, the additional currents
and the innovative formulation are depicted: 𝐼𝐾𝑢𝑟 is responsible for the

ore prominent initial repolarization; 𝐼𝐾𝐶𝑎, which takes part in setting
the cardiac diastolic potential phase 4 of the AP; 𝐼𝐾1 belongs to the
amily of classical inward rectifiers, meaning that it presents a peak
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Fig. 1. Schematic diagram of the AL hiPSC-CM model depicting cell compartments and
the major functional components and the 15 membrane currents. Fluid compartments
include cytosol and SR. Ca2+-handling is described by: 𝐼𝑢𝑝 uptaking Ca2+ by SR, 𝐼𝑟𝑒𝑙
releasing Ca2+ by ryanodine receptors (RyR) and 𝐼𝑙𝑒𝑎𝑘. Pink and brown channels stand
for additional atrial-specific currents or with a different formulation, respectively.

Table 4
Biomarkers matching. Experimental and simulated values of the biomarkers considered
for the parameter optimization. Experimental data are provided as Mean ± Std. Dev.,
from [1]. AP biomarkers resulting from the in-silico model, are in agreement with the
in-vitro variability range.

Biomarkers Experimental data Simulated values

MDP [mV] −87.11 ± 4.77 −92.70
APD90 [ms] 132.47 ± 39.77 148.94
APD50 [ms] 93.61 ± 40.23 96.94
APD20 [ms] 36.06 ± 19.03 26.6012
APD20∕90 0.26 ± 0.10 0.1786
Vmax [mV∕ms] 101.55 ± 23.8 122.503
APA [mV] 114.05 ± 8.15 136.53
Int90 [mV s] 10.099 ± 4.012 11.621

at the beginning of the resting phase 4, to conduct inward K+, while
outward conductance is voltage-dependently blocked by intracellular
polyvalent ions of the cytoplasm.

The automated optimization process described in Section 2.4 suc-
cessfully provides a new set of parameters for our new AL model. Fig. 3
illustrates the simulated AP and traces from 18 illustrative cells: the
comparison highlights that the simulated AP contour overlap on aver-
age experimental traces. The simulated AP biomarkers at steady state in
paced conditions fall within the confidence interval of the experimental
data (except for the APA, highly dependent on the stimulus current),
confirming the reliability and accuracy of our model predictions. In-
vitro AP biomarker variability ranges, provided as Mean±Std. Dev.
in [1], are reported in the last column of Table 4. An additional integral
biomarker is considered in order to avoid the intrinsic variability. The
membrane potential integral is defined as in [26]:

Int90 = ∫

𝑡2

𝑡1
[𝑉𝑚 − 𝑉𝑚(𝑡1)] 𝑑𝑡 (6)

where 𝑡1 and 𝑡2 are here time points corresponding to when Vm is 90%
below the maximum value during the depolarization and repolarization
phases of the AP. Experimental data is derived from each trace and the
simulated values fall within the confidence interval.

3.2. Non-mature AL hiPSC-CMs conditions

As discussed in the experimental setup, Section 2.1, DC technique
allows the cells to reach a stable hyperpolarized MDP in resting con-
ditions and then a physiological AP waveform. During this electronic
maturation process, the cell progresses through multiple stages, since
the initial unstable depolarized MDP is driven through spontaneous
activity and finally reaches its resting value.
5

As a first result, we require our ionic model in unpaced conditions to
mimic the maturation process, reaching a stable hyperpolarized MDP.
Once a stable resting value is achieved, then it is possible to apply
the stimulation protocol and derive the novel AL hiPSC-CMs model.
As depicted in Fig. 4, the progression of different maturation stages
is replicated by the unpaced in-silico model at different 𝐼𝐾1 densities.
Indeed, the immature condition with spontaneous oscillations between
depolarized values, corresponds to small percentages of the injected
current (𝑔𝐾1 ≤ 0.02 [nS∕pF]), while the spontaneous firing activity arises
for 𝑔𝐾1 ∈ [0.03, 0.06] [nS∕pF]. We also note that increasing 𝑔𝐾1 values
also leads to the increase of the spontaneous firing cycle length. Finally,
for values greater or equal than 0.07 [nS∕pF], the current injection leads
to an hyperpolarized MDP.

3.3. Rate dependence

The dependence of APD on pacing rate is a fundamental property
of CMs that, when altered, may promote life-threatening cardiac ar-
rhythmias. In order to validate the new hiPSC-CM model after the
introduction of the new atrial-specific currents formulation and the
parameters optimization by means of our AP data, we tested the model
capability to simulate the APD rate dependence.

To test the APD dependence on the applied pacing rate, the model
has been run following the protocol depicted in the previous section,
considering different frequencies of stimulation, i.e. CL = 1000, 750, 500,
250ms. We then compare simulated APD at 90, 50 and 20% of repo-
larization with the available in-vitro data in [1]. The novel AL model
simulations show a qualitative agreement with the experiments and
traces of Altomare et al. [1], as shown in Fig. 6. The simulated rate
dependency values (diamonds in Fig. 5) are close to the experimental
average values (circles), falling within the experimental error bars
depicted in Fig. 5. A quantitative comparison summarized in Table 5
highlights that APD90 and APD50 simulated values as well as the inte-
gral index Int90 fall within the confidence interval of the experimental
data. Nevertheless APD20 is lower at the highest pacing rates, and this
minimal discrepancy is probably due to the APD20 dependency on the
applied 𝐼𝑠𝑡𝑖𝑚 amplitude.

3.4. 4–AP drug test

𝐼𝐾𝑢𝑟 current is one of the atrial-specific currents added to our model.
It plays a significant role in human atrial repolarization and is generally
characterized by rapidly activation, and slow and partial inactivation.
Due to atrial-specific expression, the pharmacological inhibition of 𝐼𝐾𝑢𝑟
takes into account the selective atrial APD prolongation with minimal
adverse effects in the ventricles.

In order to compare the novel AL model with the experimental data,
we challenged our model by exploiting the sensitivity of atrial 𝐼𝐾𝑢𝑟
current to a selective blocker 4–aminopyridine (4–AP, 50 μM). In both
isolated human adult atrial CMs and single atrial hiPSC-CM the block-
ing of the 𝐼𝐾𝑢𝑟 resulted in APD90 prolongation [17,18]. As expected, in
in-vitro experiments 4–AP superfusion causes the prolongation of AP in
AL hiPSC-CMs. Analysis of 4–AP effects in APD changes (summarized
in Table 6) showed that the highest prolongation was detected in the
APD20 phase, where the 𝐼𝐾𝑢𝑟 mostly contributed during the electrical
activity of AL CMs.

We simulated 𝐼𝐾𝑢𝑟 block by 50 μM of 4–AP as a 80% block of 𝐼𝐾𝑢𝑟
maximum conductance, as suggested for human adult CMs in [27].
Similar values were published in [28] for human CMs, where dose–
response curves show a 80% current block with 4–AP concentration of
50 μM. Human adult CMs are used as a reference since any information
is provided about the 𝐼𝐾𝑢𝑟 density in isolated hiPSC-CMs. Indeed, genes
encoding for the 𝐼𝐾𝑢𝑟 channel subunits are absent in the early phase
of heart embryogenesis and are finely tuned in the developing heart,
see [1]. Similarly, we expect that differentiating hiPSC-CM express
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Fig. 2. Steady state ionic currents and ionic concentrations dynamic. Ionic currents dynamic, fluxes from the SR, and evolution over time at steady state of the intracellular Na+
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ixed set of ion channels that affect the repolarization phase of AP
n response to specific drug.

Our simulations suggest that 𝐼𝐾𝑢𝑟 block induces an APD prolonga-
ion, in agreement with experimental results, as shown in Fig. 7. Fur-
hermore, the quantitative comparison of APD on different AP phases in
able 6 validates the accuracy of the in-silico model, since every value
PD change (delta %) is in the experimental variability range. Finally,
lso the higher contribution in the APD phase is preserved (36%).
6

20 o
. Discussion

Research on hiPSC-CMs is rapidly developing, with new experi-
ental data becoming available, which in turn drives the evolution of

omputational models and more accurate in-silico tools. As for adult car-
iac cells, which show different AP shapes according to their location
nd specialization in the heart, hiPSC-CMs show different AP morpholo-
ies, that are usually categorized as VL, AL, or nodal-like. The focus
n electrophysiological characteristics exhibited by AL cells allows a
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Table 5
Rate dependence. Simulated (Sim.) values with different pacing rates, and experimental (Exp.) data provided as Mean ± Std.
Dev., from [1]. A quantitative comparison highlights that APD90 and APD50 simulated values fall within the experimental
confidence intervals.
Biomarkers CL = 1000 ms CL = 500 ms CL = 250 ms

Exp. data Sim. Exp. data Sim. Exp. data Sim.

APD90 [ms] 138.65 ± 38.89 148.94 115.79 ± 28.24 129.8 89.55 ± 19.17 100.1
APD50 [ms] 99.80 ± 38.93 96.94 81.33 ± 27.75 80.85 58.30 ± 16.22 52.68
APD20 [ms] 41.27 ± 21.10 26.60 33.82 ± 16.94 14.85 21.45 ± 8.69 9.71
APD20∕90 0.28 ± 0.10 0.18 0.31 ± 0.13 0.114 0.24 ± 0.07 0.09
APA [mV] 115.98 ± 7.99 136.5 115.02 ± 9.91 129.85 109.95 ± 8.67 132.1
Int90 [mV s] 10.099 ± 4.012 11.621 8.251 ± 2.922 9.74 5.908 ± 1.753 6.713
Fig. 3. Simulated AP overlapped with experimental traces. Illustrative experimental AP
rom 18 cells (light blue) and the AP simulated by the AL hiPSC model (dark blue). The
omparison highlights that the simulated AP contour overlap on average experimental
races.

able 6
–AP effect on different AP phase. Experimental and simulated values of the biomarkers
hen considering 4–AP treatment. Experimental data provided as Mean ± Std. Dev. in

he form of Delta %, from [1].
Biomarkers Experimental Simulated Simulated absolute values

delta % delta % Without 4AP With 4AP

APD90 [ms] 19 ± 21.187 17.19 148.94 174.5
APD50 [ms] 36.4 ± 37.63 20.09 96.94 116.41
APD20 [ms] 56.8 ± 63.87 36.2 26.60 36.2
APD20∕90 0.3 ± 0.31 15.9 0.179 0.207

deeper understanding of the mechanisms underlying chamber-specific
cardiomyopathies.

The present work aimed at developing a highly specific AL hiPSC-
CM model tailored to the distinct phenotype observed in atrial cells,
thus contributing to elucidate the intricacies of atrial AP electrical
abnormalities and to acknowledge the broader implications for person-
alized medicine. In particular, modelling studies can play an important
role in advancing personalized drug testing methodologies, see e.g. [26,
29,30].

Starting from the original hiPSC-CMs model [11], the works
Koivumäki et al. [31] and Kernik et al. [32] provided novel insight
and material for the subsequent VL hiPSC-CM model [15]. As suggested
in [33], Koivumäki formulation employs a complex layered compart-
mental structure, which increases the computational cost of model
7

Fig. 4. AP morphology with respect to the 𝑔𝐾1 variability. The gradual increase of 𝐼𝐾1
current injection drives the cell from the initial unstable depolarized MDP (blue dashed
lines) to the mature hyperpolarized resting values (red dotted lines), passing through
non-mature spontaneous beating (green solid lines). Absolute values of 𝑔𝐾1 ([nS∕pF])
are displayed near the associated simulated curve.

simulations. Conversely, Kernik automaticity is sustained by a different
𝐼𝐶𝑎𝐿 formulation, rather than being directly sustained by the Ca2+

handling dynamic. For these reasons, we started developing our new
AL hiPSC-CMs model using the ventricular hiPSC-CM model [15] as a
parent model. We remark that [15] also shows the predictive power of
these models through an in-silico trial on different drugs, in agreement
with in-vitro data sets.

Our new AL hiPSC-CMs model better recapitulates the phenotypical
atrial specificity of cardiomyocytes. As shown in Fig. 8, the presented
model can fit experimental APs, while the parent hiPSC-CMs models
(the VL version [15] in red and the AL version [11] in green) are far
away from the experimental traces.

We have developed our AL hiPSC-CM model using literature data in
order to identify the ionic currents most likely contributing to VL and
AL AP differentiation in adult CMs. Because of the clinical interest in
AF, we considered various K+ channels usually remodelled during AF
simulations. Several of them are almost only expressed in the atria and
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Fig. 5. Rate dependence curves. Simulated APD90, APD50, and APD20 rate dependence
curves (diamonds) produced by the novel AL model compared with in-vitro experi-
mental data: average value (circles) and variance (vertical error bars). Values are in
milliseconds.

they are summarized in [34]. Among them, we incorporated the atrial-
specific 𝐼𝐾𝑢𝑟 and 𝐼𝐾𝐶𝑎 currents. Recent studies, such as [35,36], suggest
hat native 𝐼𝐾𝑢𝑟 density in AL hiPSC-CMs is substantially smaller than
he 𝐼𝐾𝑢𝑟 density of freshly isolated human atrial myocytes and a DC
pproach for the injection of virtual 𝐼𝐾𝑢𝑟 current could lead the cell to
more adult phenotype. Further studies are required to investigate in-

ilico the impact of an additional 𝐼𝐾𝑢𝑟 current, also taking into account
ifferent formulations, such as Maleckar et al. [37].

Conversely, we did not take into account two other currents: (i)
the Acetylcholine-sensitive K+ current (𝐼𝐾,𝐴𝐶ℎ) and (ii) the Two-pore-
domain K+ (𝐼𝐾2𝑃 ) current. (i) 𝐼𝐾,𝐴𝐶ℎ is an atrial specific current
activated by the neurotransmitter acetylcholine (ACh) after binding to
the specific muscarinic receptor. Mathematical formulations for this
current have been provided for rabbit sino-atrial node cells, [38],
and for human atrial cells, [39]. In both these current formulations,
𝐼𝐾,𝐴𝐶ℎ depends on the ACh concentration, being null if [ACh] is zero.
Since the ACh concentration in control conditions is unknown, the
𝐼𝐾,𝐴𝐶ℎ contribution to the AP in in-vitro isolated hiPSC-CMs can be ne-
glected. Nevertheless, this current could be investigated experimentally
in hiPSC-CMs and incorporated into future modelling studies. (ii) The
𝐼𝐾2𝑃 current described in Schmidt’s model [40] is positively modulated
in the paroxysmal AF and is overexpressed in the chronic AF. However,
in basal conditions the current does not concur to the electrical activity
of a healthy patient with sinus rhythm and, therefore, we did not
include it in the present study.

Furthermore, we choose to change the 𝐼𝐾1 formulation, inspired by
the Koivumäki 2014 [19] model of human adult atrial CM. This latter
change was implemented mainly to correctly take into account the use
of DC technique in the experimental setup based on the injection of
the Koivumäki 𝐼𝐾1 current to help the electronic maturation of in-vitro
hiPSC-CMs, [1].

In order to keep the new model consistent with experimental data
and fit different parameters, we have performed an optimization pro-
cedure minimizing a cost function built with the same biomarkers
and experimental ranges provided by Altomare et al. [1]. The tuned
parameters are listed in Table 3. The result is a new AL hiPSC model
where APs’ features in paced conditions match the Altomare et al.
8

experimental dataset, as depicted in Fig. 3. The comparison between
Fig. 6. Experimental rate dependence traces. Illustrative experimental AP from 13 cells
(light blue) and the AP simulated by the AL hiPSC model (dark blue) when considering
three different frequencies (CL = 1000, 500, 250ms). Increasing frequencies reduces both
experimental and simulated APDs.

the experimental and simulated AP features reported in Table 4 shows
how the model is matching well the real APs. In particular, the AL
model satisfies the discriminating rule defined in [1], based on defined
cut-off value for the for APD20∕90 ratio. According to this rule, an
AL phenotype is detected when APD20∕90 ≤ 0.44. The only relevant
discrepancy in Table 4 can be found in the APA biomarker, with
percentages of discrepancy equal to 10%. The mismatching in APA can
be attributable to the high sensitivity of this biomarker to the external
applied stimulus.

Our model was validated against the available experimental data
ranging over three different pacing frequencies. The in-vitro experimen-
tal data set was not used in the optimization process, but the novel AL
hiPSC model well replicates the rate dependence curve, if considering
the APD50 and APD90, as depicted in Fig. 5. The comparison between
the provided and resulting AP features reported in Table 5, and qualita-
tively shown in Fig. 6, confirming that our model is matching well the
experimental range of values. Also, the APD20 rate dependence curve
qualitatively overlap with the experimental data, even if an accurate
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Fig. 7. 4–AP effect. Illustrative experimental AP from four cells (bottom panels, with
light blue traces) and the AP simulated by the AL model (upper panel, with dark blue
traces), when considering the control (solid line) or the 4–AP effect (dashed line).

quantitative comparison (Table 5) shows some minimal discrepancies
for CL = 500ms and CL = 250ms.

We also validated our model when considering the response to the
𝐾𝑢𝑟 atrial-specific current blocker 4–AP under an external stimulus;
hus the simulation results were validated against the corresponding in-
itro experiments, which were not used during the optimization process
see Table 6). The rational for this choice is to show the key role of
he 𝐼𝐾𝑢𝑟 current in AL hiPSC-CM cells (and AL hiPSC models as well).
ur novel AL hiPSC in-silico model accurately replicates the effect of
urrent blocker on the AP shape and the resulting APD prolongation,
onfirming the phenotype specificity of in-vitro cells. In future works,
e aim to test the rate dependence of the effects of 𝐼𝐾𝑢𝑟 on AP

epolarization in hiPSC-CMs.
To sum up, in this work we present an updated and more specific

ersion of an AL hiPSC-CM in-silico model, based on a new dataset
f electrophysiological data and novel technologies to improve the
ell maturation. Due to its relatively light formulation (25 ODEs), our
odel is suitable also for very large studies on in-silico populations,

nd future works will explore the possibility to support screening of
ifferent phenotype specific drugs at various concentrations. Indeed,
ur model is also suitable to be the baseline for population-based
tudies (see [41,42]), where an initial large population will be created
ith randomly varied parameter sets, and will be calibrated to retain
nly those models that are fully consistent with the experimentally
bserved ranges. The calibration process will reduce the population to
lower number of accepted models, representing control and mutant

opulations for different cardiac diseases, targeting the assessment of
9

Fig. 8. Illustrative experimental AP from 18 cells (light blue) overlapped with
simulated APs from three different models. The plot shows that the presented AL
hiPSC-CMs model falls within the range of experimental traces.

the electrophysiological effects of a drug cardiotoxicity (for further
details see [43]).

Among the different scenarios, different phenotypes, including
sinoatrial nodes cells, can be explored since intrinsic pacemaker prop-
erties can be simulated when considering 𝑔𝐾1 ∈ [0.03, 0.06], as shown in
ig. 3. Indeed, both the funny current (𝐼𝑓 ) and the Na+∕ Ca2+ exchanger
urrent (𝐼𝑁𝑎𝐶𝑎) are included into the model (see Fig. 2 and Appendix
), playing a pivotal role in sustaining the automaticity of AP.

In the direction towards pathological conditions and arrhythmias,
e observe that CM in pulmonary vein (PV) sleeves are important

n AF, and share with AL hiPSC-CMs some AP features, such as the
ownregulation of some currents with respect to the rest of the atrial
ody and the shorter AP. PVs have different ionic current properties
ompared to left atrium and distinct electrophysiological properties
elated to different densities of several ionic currents with pulmonary
ein inward-rectifier currents being smaller and delayed-rectifier cur-
ents larger than in left atrium. To mimic PVs behaviour, we followed
he suggestions in [44] and we considered an increase of 50% of the
nward rectifier 𝐼𝐾𝑠, and a reduction of 50% of both the transient
utward K+ current 𝐼𝑡𝑜 and the L-type Ca2+ current 𝐼𝐶𝑎𝐿. Differences,

such as the shorter APD in PVs, are highlighted in Fig. 9.
Furthermore, measurements of extracellular field potentials through

multi-electrode arrays system from a network of hiPSC-CMs have re-
cently garnered significant attention for their applications in disease
modelling, [45]. This innovative technique offers a powerful means to
bridge the gap between single-cell electrical properties and multicellu-
lar tissue-like models.

4.1. Limitations

Our work was based on a unique source of experimental data by
Altomare et al. [1], since this work was the most comprehensive report
about AL hiPSC-CMs maturation, classification and AP response to
drugs. It must be noted that extensive experimental data sets from
healthy mature hiPSC-CMs are nonexistent because different technolo-
gies for generating mature AP waveform are still under evaluation. We
considered DC as a consolidated technique (see [36,46,47]), but new
experimental data should be provided to improve the model. Optimiza-
tion approaches are recently being developed to improve the maturity

of in-vitro hiPSC-CMs and bring them closer to an adult phenotype.
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Fig. 9. PV simulation. Comparison between the simulated PV behaviour (grey line)
and the presented AL hiPSC-CMs model (dark blue line) when considering the pacing
at 1 Hz. The depicted figure highlights a shorter APD for PVs.

Nowadays, the challenge of hiPSC-CM maturation has been tackled in-
ilico, trying to provide more adult virtual models. In this direction, our
ovel AL hiPSC model provides a useful tool to quantitatively predict
he impact of phenotype specific drugs.

Another limitation is the high variance of experimental data, while
e have developed a model for the typical behaviour within a particu-

ar homogeneous population, averaging out the effects of inter-subject
ariation. In future work, we will consider to development a population
f models in order to overcome the loss of information that cannot be
onsidered when creating a new in-silico model.

Future perspectives absolutely consider the comparison with human
dult models of atrial CMs and main differences with these models
ould suggest an operative direction towards the maturation of AL
iPSCs.

Finally, to reasonably simulate engineered tissue under patholog-
cal and non-basal conditions, the previously neglected atrial-specific
urrents 𝐼𝐾,𝐴𝐶ℎ and 𝐼𝐾2𝑃 will be included in the AL hiPSC-CMs model.

.2. Future works

Future efforts to extend our study will take into account: (a) a
ifferent DC technique based on 𝐼𝐾𝑢𝑟 instead of 𝐼𝐾1 injection, using

e.g. the Maleckar et al. [37] formulation (see Section 4); (b) the
experimental investigation of the 𝐼𝐾,𝐴𝐶ℎ current in hiPSC-CMs and
its incorporation into a modified version of our model; (c) the rate
dependence of the 𝐼𝐾𝑢𝑟 effects on AP repolarization in hiPSC-CMs; (d)
the use of our model in large studies of in-silico populations to support
the screening of different phenotype specific drug at various concen-
trations; (e) the spatio-temporal dynamic of hiPSC-CMs engineered
tissues [48] by coupling the presented phenotype-specific ionic model
with existing Monodomain or Bidomain reaction–diffusion electrophys-
iological models, which accurately integrate the space–time evolution
of intracellular, extracellular and transmembrane potentials, [49]; (f)
a mathematical approach to MEA field potential measurements for the
analysis of drug effects on the electrical activity in order to facilitate
a more comprehensive research and therapeutic development; (g) the
study of patho-physiological arrhythmic events in regenerated cardiac
tissues with chamber-specific ionic models.

5. Conclusion

In this study we have introduced a novel AL in-silico hiPSC-CMs
model, based on a set of phenotype-specific membrane currents. This
model is built on novel in-vitro experimental data just published in [1]
10
to simulate the paced AP of matured AL hiPSC-CMs. The new model
effectively recapitulates the electronic in-vitro hiPSC-CMs maturation
process, transitioning from an unstable depolarized MDP to a hy-
perpolarized resting potential, and exhibits spontaneous firing activ-
ity in unpaced conditions. Finally, our model accurately reflects the
experimental rate dependence data at CL = 1000, 500, 250ms and
demonstrates the expected response to the 4 − AP specific current
blocker.

CRediT authorship contribution statement

Sofia Botti: Writing – review & editing, Writing – original draft,
ethodology, Formal analysis. Chiara Bartolucci: Writing – review &

editing, Formal analysis. Claudia Altomare: Writing – review & edit-
ing, Data curation. Michelangelo Paci: Methodology. Lucio Barile:
Data curation, Conceptualization. Rolf Krause: Supervision, Concep-
tualization. Luca Franco Pavarino: Supervision, Conceptualization.
Stefano Severi: Supervision, Methodology.

Declaration of competing interest

There are no conflicts of interest: None Declared.

Acknowledgements

This work was supported by the Swiss National Science Foundation
under Grant numbers 217025 (S.B.); the Italian Ministry of University
and Research under Grant PRIN PNRR 2022, P2002B38NR (L.F.P); and
the European Union—NextGenerationEU through the Italian Ministry
of University and Research under Grant PNRR—M4C2-I1.3, Project PR
00000019 ‘‘HEAL ITALIA’’ to S.S. CUP J33C22002920006 (C.B. and
S.S.).

Code availability

The code of the AL hiPSC-CMs ionic model is public available on
the GitHub repository at the following link
https://github.com/bottiso/AL_hiPSC_ionic model.git.

Supplementary Material

Appendix A. List of currents
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pumps, as well as the list of fluxes from the SR.

Appendix B. List of equations

This file contains the mathematical models, i.e. the full set of
equations of our novel AL hiPSC ionic model and the list of constants
and initial conditions at steady state. We highlighted in blue only the
final changes in the VL hiPSC-CMs model [15].
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