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Abstract 

Delivery of human pluripotent stem cell-derived 

cardiomyocytes (hPSC-CMs) is a potential therapy to 

improve cardiac function after injury. However, hPSC-

CMs express immature electrophysiological and structural 

properties and may be pro-arrhythmic.  

Our goal is to identify key factors determining 

arrhythmic risk of hPSC-CM therapy in the infarcted 

human ventricles through modelling and simulation. We 

model three densities of hPSC-CMs covering 4%, 22%, 

and 39% of the infarct and border zone and induce re-entry 

through ectopic stimulation. We furthermore simulate the 

effect of different therapeutic agents on re-entry 

susceptibility. 

Due to the increased refractory period of the hPSC-

CMs, the vulnerable window increases from 20ms in 

control, to 60ms in the low- and 80ms in the medium- and 

high-density scenarios. Our results highlight the density-

dependent effect of hPSC-CM delivery on arrhythmic risk 

after myocardial infarction and show the effect of 

therapeutic strategies on this increased re-entry 

susceptibility. 

 

 

1. Introduction 

Cardiovascular disease, such as myocardial infarction 

(MI), is the leading cause of death worldwide. While 

studies have shown the ability of the human heart to 

regenerate [1], this happens at a slow rate, insufficient to 

restore cardiac function after injury. To reverse or at least 

halt myocardial damage, delivery of hPSC-CMs is 

investigated as a therapeutic option. Stem cells and stem 

cell-derived cardiomyocytes have been injected 

intramyocardially in experimental studies [2] and cultured 

into tissue patches later transplanted into the human heart 

clinically and experimentally [3, 4]. While hPSC-CMs 

show promising capabilities, they exhibit immature 

structure and function. Properties such as slow upstroke 

velocity, increased action potential (AP) duration, and 

reduced conduction velocity might provide a pro-

arrhythmic substrate when the cells are introduced into the 

adult human heart. Non-fatal arrhythmias have indeed 

been observed experimentally after hPSC-CM delivery [5].  

Modelling and simulation can offer unique insights into 

arrhythmia mechanisms and the safety of different delivery 

configurations. In this study, we use modelling and 

simulation to determine the arrhythmic risk of different 

hPSC-CM delivery densities in the infarcted human 

ventricles. Additionally, we model the effect of four 

therapeutic strategies and assess their ability to prevent re-

entry in the pro-arrhythmic high-density scenario. 

 

2. Methods 

Electrophysiological activity is simulated using a 

biventricular human-based model building from single cell 

membrane kinetics to tissue conductivities [6]. Model 

parameters are altered within the infarct and hPSC-CM 

region. A left anterior infarct with 75% transmurality and 

a border zone with a maximum width of 0.5cm is 

introduced [6]. Healthy conduction velocity is set to 65, 31, 

and 17cm/s in the longitudinal, transverse, and sheet 

normal direction, respectively as measured in [7] and 

reduced in the infarct and border zone by 66%.  

Mesh elements are tagged as hPSC-CMs by sampling 

from a normal distribution taking the infarct centre on the 

endocardium as the mean, a standard deviation of 1cm, and 

a cut-off radius of 2.5cm. Low, medium, and high densities 

are modelled by varying the sampling size and 

transmurality and cover 4, 22 and 39% of the infarct and 

border zone (see Figure 1). Isotropic conduction velocity 

of 10cm/s is set for the hPSC-CMs, in line with 

experimentally recorded ranges [8]. Simulations are run 

using a monodomain model discretised with the finite 

volume method [9] and linear hexahedral elements with an 

edge length of 0.5mm. 
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The ToR-ORd [10] and Paci2020 [11] models are used 

to simulate the adult human ventricular, and ventricular-

like hPSC-CM AP, respectively. Electrophysiological 

remodelling at acute stage post-MI in the infarct and border 

zone is modelled by scaling time constants and 

conductances of the fast sodium current (INaF), transient 

outward potassium current (Ito), inward rectifier potassium 

current (IK1), rapid and slow delayed outward rectifier 

potassium currents (IKr, IKs), L-type calcium current (ICaL) 

and background calcium current (ICab), as established in [6] 

and summarised in Table 1. 

 

Scaling factors IZ BZ 

GNaF 0.40 0.38 

Gto 0.00  

PCa 0.64 0.31 

PCab 1.33  

GKr 0.70 0.30 

GK1 0.60 
 

GKs  0.20 

aCaMK 1.50  

taurelp 6.00  

Conduction Velocity 0.33 0.33 

Table 1: Scaling factors for simulating myocardial infarction in 

the infarct zone (IZ), and border zone (BZ) as in [6]. 

 

To reach steady state, three 1Hz beats are simulated and 

followed by an ectopic stimulus on the healthy endocardial 

surface proximal to the border zone at 360, 380, 400, 420, 

440, 460, and 480ms after the last sinus activation. Re-

entry susceptibility is measured as the window during 

which re-entry is inducible (vulnerable window). 

Drug action of cisapride, verapamil, nitrendipine, and 

lidocaine is modelled as in [12] under 1 x maximal 

effective free therapeutic concentration (EFTPCmax) with 

drug-induced current conductance changes computed 

using the simple-pore block model [13] (see Table 2). 

 

3. Results 

Our results, as summarised in Figure 2, show that the 

vulnerable window in the infarcted control (with no hPSC-

CMs), and low-density scenarios, is 20ms and 60ms long, 

respectively. The vulnerable window further increases to 

80ms in both the medium-, and high-density scenarios. 

While in the medium-density scenario the vulnerable 

window ranges from 380 to 460ms after the last sinus beat, 

it is shifted to 400 to 480ms in the high-density scenario. 

The prolonged vulnerable window across the different 

densities is explained by the source-sink mismatch. The 

hPSC-CMs present a source with elevated diastolic 

membrane potential, increased AP duration (APD), and 

longer refractory period compared to the infarcted adult 

tissue they replaced (see Figure 3). Repolarisation times in 

the centre of the hPSC-CM region increase by 50ms in 

low-density and by 130ms in high-density compared with 

the infarct zone in the control simulations (360ms). This 

accounts for a delay in re-excitability and the wider 

vulnerability window in the high- vs low-density 

simulations. The repolarisation time in the high-density 

hPSC-CM scenario is close to the APD at 90% 

repolarisation of 480ms in the single cell hPSC-CM 

Paci2020 model. 

 

 
Figure 1: In-silico diastolic membrane potential of low (left 

column), medium (middle column), and high (right column) 

hPSC-CM densities. 

 

Drug GNaF GKr GCaL GNaL GKs GK1 

Cisa-

pride 

 0.858     

Vera-

pamil 

0.985 0.932 0.522 0.995 0.998 0.990 

Nitren-

dipine 

 0.999 0.839    

Lido-

caine 

0.935 0.991  0.864   

Table 2: Ionic current conductance scaling factors for four drugs 

under 1 x EFTPCmax [12] using a simple-pore block model [13]. 

 

 
Figure 2: Vulnerable windows for ectopic beats applied 360 to 

480 ms after the last sinus beat for different hPSC-CM densities. 

A yellow box with a plus sign (+) marks a re-entry, while a blue 

box with a minus sign (-) means no re-entry is observed. A grey 

box with a double minus sign (--) indicates that the ectopic 

stimulus did not propagate. 

 

The increased hPSC-CM repolarisation times cause an 

increase in local repolarisation dispersion around the 

injection site, thus elevating re-entry susceptibility. This is 

illustrated in Figure 4, where the APs proximal to the 

ectopic stimulus location in the medium- and high-density 

scenarios are compared. The hPSC-CMs in the high-

density scenario exhibit a more depolarised diastolic 

potential and longer APD under sinus rhythm than in the  
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Figure 3: Electrical propagation through the infarcted human-

based biventricular model in control and following the 

introduction of hPSC-CMs at low, medium, and high densities 

(with 4, 22, and 39% of infarct and border zones replaced, 

respectively). The green arrow in the top left points at the infarct 

zone in the left ventricle marking the centre of hPSC-CM 

delivery. The yellow dotted line represents the axis between the 

right and left ventricle. Re-entry is established following an 

ectopic stimulus applied at the endocardium proximal to the 

border zone at 460ms after the last sinus beat, indicated by the 

red star. The red arrows highlight the re-entry path. 

 

lower density scenarios, resulting in the ectopic beat to 

cause a diminished AP at the site of the ectopic stimulus 

in the high-density scenario. Hence, when the wave 

propagates around and then through the infarct and hPSC-

CM region, the cells can be stimulated again allowing for 

retrograde propagation, as shown in Figure 3. 

Increased hPSC-CM APD and refractory time not only 

cause a prolongation of the vulnerable window, but also for 

the ectopic stimulus applied at 380ms after the last sinus 

beat in the high-density scenario to not propagate at all, as 

the tissue at the site of the ectopic stimulus is still 

refractory. Hence, while the length of the vulnerable 

window is maintained, its onset is delayed compared to the 

medium-density scenario. In the injection centre of the 

high-density scenario, the depolarised resting membrane 

potential of -73mV as represented by the hPSC-CM single 

cell model is preserved. In the medium- and low-density 

scenario the diastolic membrane potential decreases to -75 

and -84mV, respectively, due to the more negative resting 

membrane potential of the surrounding adult tissue acting 

as an electrotonic sink.  

Figure 5 shows the effect of four different therapeutic 

strategies, namely cisapride, lidocaine, nitrendipine, and 

verapamil, on the re-entry inducibility in the high-density 

scenario. Application of nitrendipine and lidocaine has 

little effect on the APD and does not alter the vulnerable 

window. Cisapride, due to IKr-block induced APD 

prolongation, causes a delay of the vulnerable window but 

does not impact its length. In contrast, application of 

verapamil shortens the APD due to ICaL-block, which 

promotes the propagation of the ectopic stimulus through 

the infarcted tissue at earlier ectopic stimulus times. 

 

 
Figure 4: The images on the left show the membrane potential in 

the medium (top) and high (bottom) hPSC-CM density scenario 

at 900ms after the last sinus beat. The red circle indicates where 

an ectopic stimulus is applied on the endocardial surface at 

460ms after the last sinus beat. On the right, APs at the ectopic 

stimulus site for the medium (top row, green) and high (bottom 

row, blue) density scenarios are shown. The first AP is under 

sinus rhythm, while the second is initiated through the ectopic 

stimulus. Only in the high-density scenario a third AP is 

triggered caused by the ectopic stimulus re-entering through the 

hPSC-CM area. The black dashed line indicates the time shown 

in the images on the left. 

 

 
Figure 5: Vulnerable windows for an ectopic beat occurring 

360, 380, 400, 420, 440, 460, and 480ms after the last sinus beat 

for different drugs applied to the high-density scenario. A 

yellow box with a plus sign (+) marks a re-entry, a blue box 

with a minus sign (-) means no re-entry is observed, and a grey 

box with a double minus sign (--) indicates that the ectopic 

stimulus did not propagate. 

 

4. Discussion 

Here, using our 3D human-based computational 

modelling and simulation framework, we have shown a 

density-dependent arrhythmic risk of hPSC-CM delivery.  

We show that re-entry risk is higher after hPSC-CM 

delivery and increases for greater hPSC-CM densities. In 

our framework, we propose a novel strategy to model the 

delivery of hPSC-CMs with respect to their density and 

make use of state-of-the-art single cell models tested 

thoroughly against experimental data. Due to its multiscale 

nature, our framework allows for detailed investigation of 

arrhythmia mechanisms.  

Experimental studies show that improvements in left 

ventricular function in a guinea pig model after cardiac 
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injury were only achieved for sufficiently high doses [14]. 

Therefore, while a high dose of hPSC-CMs seems 

necessary, it may also be arrhythmogenic, as shown in our 

study. Another in silico study examined the effect of 

density, clustering, and location on hPSC-CM 

automaticity, concluding that higher cell doses promote 

ectopic propagation [15]. No spontaneous activity occurs 

in our biventricular simulations. While a high hPSC-CM 

density causes a more depolarised resting membrane 

potential in the hPSC-CM region increasing the 

spontaneous beating rate to about 0.6Hz, this is suppressed 

by the 1 Hz sinus beat. 

Our results modelling drug effects show that none of the 

tested drugs reduce the vulnerable window which is most 

sensitive to IKr and ICaL block. Length of the vulnerable 

window is largely maintained although the application of 

cisapride delays its onset. Verapamil increases the length 

of the vulnerable window while also bringing forward its 

onset. Further simulations are needed to explore more 

drugs and doses. Recently, in silico simulations in tissue 

slabs suggested that addressing the slow upstroke velocity 

and depolarised diastolic potential in hPSC-CMs may 

increase therapy efficiency without increasing the 

arrhythmic risk [16]. Hence, a sodium current agonist 

could provide a promising solution to increase conduction 

velocity and, subsequently, minimise the repolarisation 

gradient and re-entry susceptibility. 

 

5. Conclusion 

Our simulations conclude that re-entry susceptibility in 

our infarcted in silico human-based biventricular model 

depends on the hPSC-CM density and is sensitive to IKr and 

ICaL block. We also show that in silico simulations can 

provide a detailed tool to investigate hPSC-CM 

delivery parameters and contribute to identifying maximal 

efficacy whilst ensuring minimal arrhythmic risk. 
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