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Abstract 

Human induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CM) enable accessible human-

based cardiology studies. However, an immature hiPSC-

CM electrophysiological and contractile phenotype 

hinders data translation to adult cardiomyocytes. In silico 

hiPSC-CM investigations could aid in hiPSC-CM data 

translation but most hiPSC-CM models do not feature a 

contractile element which limits their application for such 

studies. To address this issue, we have developed an 

electromechanical hiPSC-CM computer model by 

coupling an electrophysiological hiPSC-CM model and a 

human contractile machinery model. The newly 

established model has been calibrated using experimental 

hiPSC-CM data. We demonstrate that the computed active 

tension, calcium transient and action potential biomarkers 

agree with the experimental ranges. The peak twitch 

tension generated at 1 Hz pacing was 0.44 kPa which is in 

range with experimentally observed values (0.21-6.5 kPa). 

Comparisons with the adult myocyte electromechanical 

model demonstrate the potential usability of the hiPSC-CM 

model in the future data translation. Altogether, we present 

a new electromechanical hiPSC-CM model for 

comprehensive in silico hiPSC-CM-based studies. 

 

 

1. Introduction 

Human induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs) are now widely used in in 

vitro experiments ranging from drug safety assessments to 

disease modelling [1]. In silico hiPSC-CM studies have 

been successfully used to expand our understanding of 

hiPSC-CM pharmacological and physiological properties, 

and aided data translation to adult cells [2]. This is pivotal 

since hiPSC-CMs possess a specific electrophysiology and 

contractile phenotype which differs from adult cells. 

Computer models have been widely used to investigate the 

differences in electrophysiology, but the contractility is 

rarely assessed. It is known that hiPSC-CM have a lower 

peak twitch tension, and a longer time to peak tension (TP), 

and time to 50% relaxation (RT50) than adult cells [3]. As 

the number of hiPSC-CM-based studies is growing, it is 

vital to enable investigations of hiPSC-CM-specific 

contractile features to aid in mechanistic investigations and 

data translation.  

The goal of our study is to develop and evaluate an 

electromechanical hiPSC-CM model with the aim to 

facilitate the investigations of hiPSC-CM-specific 

electrophysiological and contractile phenotype. Finally, a 

comparison between hiPSC-CM and human adult cell 

simulations demonstrate that the relative differences 

between hiPSC-CM and adult cardiomyocytes can be 

captured by the models, providing confidence for future 

investigations. 

 

2. Methods 

2.1. Experimental data  

The experimental data for model calibration was based 

on hiPSC-CM studies [4,5] conducted at 1 Hz pacing, 

37oC, using tissue strips from engineered heart tissue 

grown from hiPSC-CMs day 15-23 post-differentiation. 

Reported active tension biomarkers TP, RT50, minimal 

and maximal active tension were used for calibration. After 

the coupling of the models, peak twitch tension, calcium 

transient (CaT) and action potential (AP) biomarkers from 

multiple studies were used for model evaluation [2,6-8]. 

Adult cardiomyocyte experimental data was used for 

comparisons with hiPSC-CM data [9]. 

 

2.2. Electro-mechanical coupling of hiPSC-

CM electrophysiology and human-based 

contractile machinery models 

The previously published hiPSC-CM electrophysiology 

model by Paci et al. [2] was coupled with the Land-

Niederer human tension model [10] to generate the new 

Paci-Land model for hiPSC-CM electromechanics. The 

Paci model reflects the action potential and calcium 

dynamics observed in hiPSC-CM. The Land-Niederer 



model is based on adult cardiomyocyte measurements and 

includes troponin (TRPN), tropomyosin, and a three-state 

crossbridge model. Given the differences in the active 

tension between hiPSC-CM and adult cardiomyocyte, the 

parameters in the tension model were recalibrated to create 

the hiPSC-CM tension model. 

Coupling of the models was implemented by using 

intracellular calcium concentration from the 

electrophysiology model as an input for the tension model 

and using the amount of calcium bound to TRPN in the 

tension model for electrophysiology model, as in [9] (Fig.1 

A). The model was built on the assumption that the ratio of 

calmodulin to TRPN is the same as in adult cells. 

The biomarkers computed from simulations included 

TP, RT50, time to 90% decay (RT90) for active tension; 

CaT time to peak (CTTP), duration to 50% (CTD50) and 

90% (CTD50) decay; and AP time to peak (APTP), 

duration to 50% (APD50) and 90% (APD90) 

repolarisation (Fig.1. B-D).  

 
Figure 1. A. Schematic representation of Paci-Land hiPSC-

CM model. The image is adapted from Paci et al. [11]. B.  

Representative AP waveform and biomarkers computed 

which include APTP, APD50 and APD90. C. 

Representative CaT waveform and biomarkers computed 

which include CTTP, CTD50 and CTD90. D. 

Representative active tension waveform and biomarkers 

computed which include TP, RT50 and RT90. 

 

2.3. Calibration of the model 

The Paci-Land model was calibrated using the 

experimental hiPSC-CM data. This was needed to create 

an active tension model which was in agreement with 

hiPSC-CM experimental values since the original Land-

Niederer model used was based on adult cardiomyocyte 

data. To select parameters for recalibration, a sensitivity 

analysis on active tension biomarkers was performed by 

varying parameter values by ±10%. Two parameters were 

selected for fitting: nTm and ku, representing the Hill 

coefficient of cooperative activation between calcium-

bound TRPN and the fraction of unblocked myosin 

binding sites, and the tropomyosin rate constant, 

respectively. These parameters were fitted using the 

MatLab function ga which finds the minimum of a [cost] 

function using a genetic algorithm. The cost function here 

included TP, RT50, maximum and minimum active 

tension (Ta) values; and the one used here was an altered 

formula of the cost function used by Land et al. [10]:  

𝑑𝑡 = 𝑑(𝑡𝑝, [169,215]) + 𝑑(𝑟𝑡50, [141,178]) +
    10𝑑(𝑚𝑎𝑥(𝑇𝑎), [0.21,6.5]) + 25𝑚𝑖𝑛(𝑇𝑎)  

where the distances d between a biomarker and the 

experimental ranges were summed to obtain the total cost 

𝑑𝑡 which was then minimized.  

 

2.4. Simulation protocols 

Simulations were conducted using MatLab (Mathworks 

Inc. Natwick, MA, USA) using the ordinary differential 

equation solver ode15s. Stimulus currents of 5 ms and 550 

pA were used. The cell length was kept unchanged unless 

stated otherwise. Biomarkers were computed in the steady 

state (after 800 s). 

 

3. Results 

3.1. Evaluation of electro-mechanical 

coupling 

To examine whether the physiological hiPSC-CM 

contractile phenotype can be reproduced by the Paci-Land 

model, we performed simulations with the model and 

evaluated the active tension biomarker values. 

Comparison of the simulated and experimental active 

tension biomarkers shows that they are in agreement, 

confirming that the Paci-Land model can produce 

physiological hiPSC-CM active tension biomarker values 

(Fig. 2 B, Table 1). The differences in the active tension 

waveforms between calibrated and non-calibrated Paci-

Land models highlights the initial need for recalibration of 

the Land-Niederer model parameters in order to obtain 

active tensions biomarker values that are physiological for 

hiPSC-CM (Fig. 2 A-B, Table 1). 

To test if electromechanical coupling affects cellular 

electrophysiology, we evaluated AP and CaT biomarkers 

after simulations with the Paci-Land hiPSC-CM model.  

Comparison of AP and CaT features between the Paci 

and the Paci-Land models reveals minimal differences 

between the simulated biomarker values in paced, and 

slightly greater differences in the spontaneously beating 

mode. CaT and AP biomarker values remain within the 

experimental ranges demonstrating that the 

electromechanical coupling does not affect the normal CaT 

and AP behavior (Fig. 2 C-F, Table 1). 

 

   



Figure 2. Simulated active tension changes after 

calibration (Paci-Land (calib.)) in spontaneously beating 

(A) and paced (B) modes. Biomarkers simulated from the 

calibrated model (Paci-Land (calib.)) are within 

experimental data ranges (B). Electro-mechanical coupling 

induces minimal changes to AP (C) and CaT (E) initially 

described by the Paci model in spontaneously beating and 

paced (D and F) simulation modes. AP and CaT 

biomarkers simulated from the calibrated Paci-Land model 

are within the experimental ranges.  

 

Table 1. Experimental hiPSC-CM and simulated 

biomarker values including CaT and AP amplitudes 

(ampl.) using calibrated and non-calibrated Paci-Land 

models at 1 Hz pacing.  

 

Biomarkers  Paci-Land 

(non-

calib.) 

Paci-

Land 

(calib.) 

Exp. 

value 

ranges 

TP (ms) 188 201 169-215 

RT50 (ms) 157 164 141-178 

RT90 (ms) 284 329  

Peak tension (kPa) 0.04 0.44 0.21-6.5 

CTTP (ms) 208 208 162-378 

CTD50 (ms) 494 495 511-1168 

CTD90 (ms) 669 670 310-1803  

CaT ampl. (µM) 0.147 0.147 0.16 

APTP (ms) 30 30.8  

APD50 (ms) 416 416.5 333-932 

APD90 (ms) 517 516.5 296-1398 

AP ampl. (mV) 110.99 110.99 98-118 

 

3.2. HiPSC-CM and adult cardiomyocyte 

contractility comparisons in silico 

We then performed a comparison of active tension 

biomarkers simulated using the Paci-Land hiPSC-CM 

model versus the human adult cardiomyocyte models for 

active tension (Land-Niederer [10]), and 

electromechanical function (ToR-ORd-Land [9]). These 

adult cell models have different active tension and CaT due 

to the different experimental data used in their calibration.  

Figure 3 shows the differences observed in active 

tension and CaT between the models. This reflects the 

differences observed experimentally between human adult 

cardiomyocytes and hiPSC-CM. We aimed to 

quantitatively assess these differences between hiPSC-CM 

and human adult cardiomyocyte active tension to aid in 

data translation from hiPSC-CM to adult cardiomyocytes. 

To make this assessment, we compared the simulated 

active tension biomarkers with experimental data [9]. We 

calculated the fold changes in experimental and simulated 

biomarker values by dividing adult cardiomyocyte 

biomarker values by hiPSC-CM values. Comparison of 

experimental and simulated fold changes in TP and RT50 

shows that the relative differences in hiPSC-CM and adult 

myocyte models are in agreement with experiments (Fig.3 

C, D). The relative difference in active tension amplitudes 

between the Paci-Land and ToR-ORd-Land models are in 

agreement with the experiments, while the Land model 

produced a higher amplitude than the adult experimental 

ranges used in Figure 3D [9].  Overall, this suggests that 

the Paci-Land model in combination with adult myocyte in 

silico models can be used for hiPSC-CM data translation 

to adult cells in most cases.

 
Figure 3. HiPSC-CM and adult cardiomyocytes show 

different active tension (A) and CaT (B) in silico. Fold 

change in biomarker values of TP, RT50 (C) and peak 

twitch tension (D) between simulated adult models and 

hiPSC-CM model are in agreement with experimental 



ranges represented by box plots in most cases.  

 

4. Conclusions 

Computational hiPSC-CM studies have been useful for 

studying stem cell electrophysiology. However, currently 

available models rarely feature a contractile element. In 

this study, we developed a new hiPSC-CM model which 

features active tension generation to address this issue and 

facilitate comprehensive hiPSC-CM in silico 

electromechanical studies. We designed the model by 

coupling an established electrophysiological hiPSC-CM 

model with a human adult cardiomyocyte contractility 

model. We then recalibrate the active tension parameters 

used to describe adult cell contractility to induce hiPSC-

CM-like active tension generation.  

Simulated active tension generated by the calibrated 

Paci-Land hiPSC-CM model show a peak at 0.44 kPa and 

demonstrate TP and RT50 values that are all in agreement 

with experimental hiPSC-CM data. Non-calibrated model 

biomarkers are not within the experimental ranges 

signifying the need for model recalibration.  

Simulations with the Paci-Land model reveal that the 

electromechanical coupling inflicts minimal changes to 

CaT and AP which remain in agreement with experimental 

data in paced and spontaneously beating cell simulation 

modes. 

Aiming to test if the established model can be used for 

hiPSC-CM contractile data translation to adult cells, we 

compare the hiPSC-CM Paci-Land and the human adult 

cardiomyocyte models. The quantitated differences in 

active tension biomarkers between the hiPSC-CM and 

human adult cell models mirror the differences observed 

between the two cell types experimentally. This 

demonstrates that the Paci-Land model can be used 

together with adult cell in silico models to help translate 

experimental contractility data obtained with hiPSC-CM to 

human adult cells phenotypes in most cases.  

Overall, we present a calibrated and validated hiPSC-

CM electromechanical model with simulated active 

contraction properties that are physiological. This model 

provides a strong foundation for future hiPSC-CM-based 

electromechanical in silico studies. 
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