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ABSTRACT 

Resolving the ethical concerns regarding animal-based experiments, human induced 
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) represent a virtually 
limitless pool of human in vitro models in cardiology. They open up new 
opportunities for patient-specific safety cardiac pharmacology as they share the same 
genotype with patients and exhibit the same pathological traits as their real-life 
counterparts. Computational models of hiPSC-CMs assist us in bridging important 
vital gaps. Namely, i) Enhancing our quantitative understanding of intracellular 
interactions in preclinical drug trials and exploring genotype-phenotype 
relationships; ii) High-throughput risk stratification and prediction of vulnerability 
to arrhythmia; iii) addressing electrophysiological, contractile, and biochemical 
differences between in vitro hiPSC-CMs and in silico human adult ventricular CMs, 
since the combination of in vitro hiPSC-CMs and in silico human adult ventricular 
cardiomyocytes (hV-CMs) has been proposed as a promising new paradigm in drug 
screening by the FDA (the comprehensive proarrhythmia assay). 

The first aim of this thesis was to develop a robust whole-cell model of hiPSC-
CMs electromechanics capturing the mechano-electric feedback by integrating a 
reparametrized contractile element (CE) into the ionic model of hiPSC-CMs. The 
second aim was proposing a computational approach toward deep-phenotyping 
mutation-specific hypertrophic cardiomyopathy (HCM), specifically MYH7R403Q/+ 
and exploring the effects and action mechanisms of Mavacamten (MAVA), 
Blebbistatin (BLEB), and Omecamtive mecarbil (OM). The final aim was refining 
the hiPSC-CMs model of electro-mechano-energetic coupling to explore the 
interorganellar crosstalks in ischemia/reperfusion (I/R). A novel oxygen dynamic 
formulation was introduced to link the capillary level to extracellular oxygen 
concentrations affected by Na+/K+ exchanger, sarcolemmal Ca2+ pump current, and 
the contractile ATPase rate. The common methodology in Studies I-IV of the thesis 
is use of a set of in vitro data for model calibrations and another set of in vitro data for 
quantitative/qualitative results validations prioritizing hiPSC-CMs in vitro findings. 

Meeting the accurate fractional cell shortening (FCS), time from peak contraction 
to 50% of relaxation (CRT50), and active tension (AT) amplitude were introduced 
as the optimization goals of the cell electromechanical calibrations. The sensitivity 
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analysis on the CE machinery in Studies I & II offer a robust reparameterization 
roadmap from animal-based computational models to hiPSC-CMs phenotype. A 
correct categorization of inotropic effects of non-cardiomyocytes was recapitulated 
in accord with hiPSC-CMs experimental reports. In Study III, the metabolite-
sensitivity in the CE played a key role in capturing the contractile dysfunction, in 
terms of hypercontractility and irregular CRT50, in MYH7R403Q/+ HCM and the 
cardioprotective effect of MAVA, through affecting myofilament crossbridge (XB) 
state transitions and Pi, MgATP, and MgADP. The therapeutic compounds in Study 
III were sarcomere targeting molecules; MAVA, BLEB, and OM. Therefore, their 
mechanism of action was modeled by CE optimizations accordingly, and the XB 
parameter governing the dose-dependence of OM and BLEB inotropic effect was 
identified. In Study IV, in accord with Levosimendan (Levo) inotropic data, the 
dose-dependent effect of Levo as an IKATP agonist was included in the drug-induced 
calibration besides the channel-blockings for INa, ICaL, and IKr. Explicitly, introducing 
the novel oxygen dynamic formulation with a contractile ATPase rate was a first step 
toward linking the cellular energetics to oxygen consumption rate (OCR). Based on 
the sarco/endoplasmic reticulum Ca2+-ATPase pump (SERCA) calibration in Study 
IV, increased affinity of proton binding for luminal-oriented Ca2+ docking sites was 
suggested as a mechanism of SERCA response to I/R condition leading to increased 
Ca2+ concentration in SR. Study IV predicted the upper hand of Ca2+ flux to the 
myofilament in comparison with SERCA Ca2+ uptake, also recapitulating the fact 
that Levo does not increase the inotropy at the expense of elevated oxygen demand. 
Study IV findings suggest that, mechanistically, SERCA contributes similarly in I/R 
and sepsis-induced heart failure conditions. Furthermore, Study IV suggested that 
the increase in proton leak in I/R, which results in elevated oxidative stress, may also 
contribute to the ischemic Ca2+ overload through disrupted competitive proton 
binding in SERCA, as a step toward establishing the connection between the 
elevation of oxidative stress and Ca2+ overload as the two main mechanisms of I/R 
injuries. Finally, Study IV linked the ameliorative effect of Levo on the contractile 
relaxation dysfunction to the drug's specific Ca2+ sensitizing mechanism, which 
involves Ca2+-bound troponin C and Ca2+ flux to the myofilament rather than 
SERCA phosphorylation inhibition.  

To summarize, this thesis offers novel and robust computational frameworks of 
electro-mechano-energetic coupling in hiPSC-CMs, leveraging recent advances in 
human-based in vitro data acquisition. Ultimately, the presented models can serve as 
a platform to test advanced treatment ideas according to the temporal evolution of 
metabolites and molecular mechanisms in cardiomyocytes. 

 

ix 

CONTENTS 

1 Introduction .......................................................................................................................... 17 

2 Literature review ................................................................................................................... 21 
2.1 Cellular physiology of healthy heart ...................................................................... 21 
2.2 Cellular pathophysiology of hypertrophic cardiomyopathy ............................. 26 
2.3 Cellular pathophysiology of ischemia/reperfusion ............................................ 30 
2.4 Human induced pluripotent stem cell-derived cardiomyocytes ....................... 34 
2.5 Computational frameworks of hiPSC-CMs ........................................................ 37 

2.5.1 Paci lineage: dawn of hiPSC-CMs in silico models ......................... 38 
2.5.2 Koivumäki model: the structural immaturity ................................... 40 
2.5.3 Kernik model: phenotypic variability ................................................. 41 
2.5.4 A comparative review of the models ................................................. 43 

3 Aims of the study ................................................................................................................. 47 

4 Methods ................................................................................................................................. 48 
4.1 Summary of the models .......................................................................................... 48 
4.2 Integration of the contractile elements into the ionic model ........................... 49 
4.3 Reparameterization of the contractile elements ................................................. 50 
4.4 HCM and the drug-induced calibrations ............................................................. 55 
4.5 Integrating a metabolite-sensitive SERCA model into hiMCE ....................... 60 
4.6 Modeling of ischemia/reperfusion ....................................................................... 62 

4.6.1 Ischemia .................................................................................................. 62 
4.6.2 Reperfusion ............................................................................................ 66 

5 Results .................................................................................................................................... 68 
5.1 Biomarker evaluations of the models ................................................................... 68 
5.2 The results of hiPSC-CM-CE model .................................................................... 71 

5.2.1 Model response to Verapamil and Bay-K8644 ................................ 71 
5.2.2 Simulated inotropic effect of non-CMs in hiPSC-CM 

EHTs ....................................................................................................... 73 
5.3 The results of hiMCE model ................................................................................. 74 

5.3.1 Simulation of HCM-R403Q and MAVA mechanisms ................... 74 
5.3.2 Modeling OM and BLEB dose-dependent inotropy ...................... 76 

5.4 The results of hiMCES model ............................................................................... 78 

 

viii 

analysis on the CE machinery in Studies I & II offer a robust reparameterization 
roadmap from animal-based computational models to hiPSC-CMs phenotype. A 
correct categorization of inotropic effects of non-cardiomyocytes was recapitulated 
in accord with hiPSC-CMs experimental reports. In Study III, the metabolite-
sensitivity in the CE played a key role in capturing the contractile dysfunction, in 
terms of hypercontractility and irregular CRT50, in MYH7R403Q/+ HCM and the 
cardioprotective effect of MAVA, through affecting myofilament crossbridge (XB) 
state transitions and Pi, MgATP, and MgADP. The therapeutic compounds in Study 
III were sarcomere targeting molecules; MAVA, BLEB, and OM. Therefore, their 
mechanism of action was modeled by CE optimizations accordingly, and the XB 
parameter governing the dose-dependence of OM and BLEB inotropic effect was 
identified. In Study IV, in accord with Levosimendan (Levo) inotropic data, the 
dose-dependent effect of Levo as an IKATP agonist was included in the drug-induced 
calibration besides the channel-blockings for INa, ICaL, and IKr. Explicitly, introducing 
the novel oxygen dynamic formulation with a contractile ATPase rate was a first step 
toward linking the cellular energetics to oxygen consumption rate (OCR). Based on 
the sarco/endoplasmic reticulum Ca2+-ATPase pump (SERCA) calibration in Study 
IV, increased affinity of proton binding for luminal-oriented Ca2+ docking sites was 
suggested as a mechanism of SERCA response to I/R condition leading to increased 
Ca2+ concentration in SR. Study IV predicted the upper hand of Ca2+ flux to the 
myofilament in comparison with SERCA Ca2+ uptake, also recapitulating the fact 
that Levo does not increase the inotropy at the expense of elevated oxygen demand. 
Study IV findings suggest that, mechanistically, SERCA contributes similarly in I/R 
and sepsis-induced heart failure conditions. Furthermore, Study IV suggested that 
the increase in proton leak in I/R, which results in elevated oxidative stress, may also 
contribute to the ischemic Ca2+ overload through disrupted competitive proton 
binding in SERCA, as a step toward establishing the connection between the 
elevation of oxidative stress and Ca2+ overload as the two main mechanisms of I/R 
injuries. Finally, Study IV linked the ameliorative effect of Levo on the contractile 
relaxation dysfunction to the drug's specific Ca2+ sensitizing mechanism, which 
involves Ca2+-bound troponin C and Ca2+ flux to the myofilament rather than 
SERCA phosphorylation inhibition.  

To summarize, this thesis offers novel and robust computational frameworks of 
electro-mechano-energetic coupling in hiPSC-CMs, leveraging recent advances in 
human-based in vitro data acquisition. Ultimately, the presented models can serve as 
a platform to test advanced treatment ideas according to the temporal evolution of 
metabolites and molecular mechanisms in cardiomyocytes. 

 

ix 

CONTENTS 

1 Introduction .......................................................................................................................... 17 

2 Literature review ................................................................................................................... 21 
2.1 Cellular physiology of healthy heart ...................................................................... 21 
2.2 Cellular pathophysiology of hypertrophic cardiomyopathy ............................. 26 
2.3 Cellular pathophysiology of ischemia/reperfusion ............................................ 30 
2.4 Human induced pluripotent stem cell-derived cardiomyocytes ....................... 34 
2.5 Computational frameworks of hiPSC-CMs ........................................................ 37 

2.5.1 Paci lineage: dawn of hiPSC-CMs in silico models ......................... 38 
2.5.2 Koivumäki model: the structural immaturity ................................... 40 
2.5.3 Kernik model: phenotypic variability ................................................. 41 
2.5.4 A comparative review of the models ................................................. 43 

3 Aims of the study ................................................................................................................. 47 

4 Methods ................................................................................................................................. 48 
4.1 Summary of the models .......................................................................................... 48 
4.2 Integration of the contractile elements into the ionic model ........................... 49 
4.3 Reparameterization of the contractile elements ................................................. 50 
4.4 HCM and the drug-induced calibrations ............................................................. 55 
4.5 Integrating a metabolite-sensitive SERCA model into hiMCE ....................... 60 
4.6 Modeling of ischemia/reperfusion ....................................................................... 62 

4.6.1 Ischemia .................................................................................................. 62 
4.6.2 Reperfusion ............................................................................................ 66 

5 Results .................................................................................................................................... 68 
5.1 Biomarker evaluations of the models ................................................................... 68 
5.2 The results of hiPSC-CM-CE model .................................................................... 71 

5.2.1 Model response to Verapamil and Bay-K8644 ................................ 71 
5.2.2 Simulated inotropic effect of non-CMs in hiPSC-CM 

EHTs ....................................................................................................... 73 
5.3 The results of hiMCE model ................................................................................. 74 

5.3.1 Simulation of HCM-R403Q and MAVA mechanisms ................... 74 
5.3.2 Modeling OM and BLEB dose-dependent inotropy ...................... 76 

5.4 The results of hiMCES model ............................................................................... 78 



 

viii 

analysis on the CE machinery in Studies I & II offer a robust reparameterization 
roadmap from animal-based computational models to hiPSC-CMs phenotype. A 
correct categorization of inotropic effects of non-cardiomyocytes was recapitulated 
in accord with hiPSC-CMs experimental reports. In Study III, the metabolite-
sensitivity in the CE played a key role in capturing the contractile dysfunction, in 
terms of hypercontractility and irregular CRT50, in MYH7R403Q/+ HCM and the 
cardioprotective effect of MAVA, through affecting myofilament crossbridge (XB) 
state transitions and Pi, MgATP, and MgADP. The therapeutic compounds in Study 
III were sarcomere targeting molecules; MAVA, BLEB, and OM. Therefore, their 
mechanism of action was modeled by CE optimizations accordingly, and the XB 
parameter governing the dose-dependence of OM and BLEB inotropic effect was 
identified. In Study IV, in accord with Levosimendan (Levo) inotropic data, the 
dose-dependent effect of Levo as an IKATP agonist was included in the drug-induced 
calibration besides the channel-blockings for INa, ICaL, and IKr. Explicitly, introducing 
the novel oxygen dynamic formulation with a contractile ATPase rate was a first step 
toward linking the cellular energetics to oxygen consumption rate (OCR). Based on 
the sarco/endoplasmic reticulum Ca2+-ATPase pump (SERCA) calibration in Study 
IV, increased affinity of proton binding for luminal-oriented Ca2+ docking sites was 
suggested as a mechanism of SERCA response to I/R condition leading to increased 
Ca2+ concentration in SR. Study IV predicted the upper hand of Ca2+ flux to the 
myofilament in comparison with SERCA Ca2+ uptake, also recapitulating the fact 
that Levo does not increase the inotropy at the expense of elevated oxygen demand. 
Study IV findings suggest that, mechanistically, SERCA contributes similarly in I/R 
and sepsis-induced heart failure conditions. Furthermore, Study IV suggested that 
the increase in proton leak in I/R, which results in elevated oxidative stress, may also 
contribute to the ischemic Ca2+ overload through disrupted competitive proton 
binding in SERCA, as a step toward establishing the connection between the 
elevation of oxidative stress and Ca2+ overload as the two main mechanisms of I/R 
injuries. Finally, Study IV linked the ameliorative effect of Levo on the contractile 
relaxation dysfunction to the drug's specific Ca2+ sensitizing mechanism, which 
involves Ca2+-bound troponin C and Ca2+ flux to the myofilament rather than 
SERCA phosphorylation inhibition.  

To summarize, this thesis offers novel and robust computational frameworks of 
electro-mechano-energetic coupling in hiPSC-CMs, leveraging recent advances in 
human-based in vitro data acquisition. Ultimately, the presented models can serve as 
a platform to test advanced treatment ideas according to the temporal evolution of 
metabolites and molecular mechanisms in cardiomyocytes. 

 

ix 

CONTENTS 

1 Introduction .......................................................................................................................... 17 

2 Literature review ................................................................................................................... 21 
2.1 Cellular physiology of healthy heart ...................................................................... 21 
2.2 Cellular pathophysiology of hypertrophic cardiomyopathy ............................. 26 
2.3 Cellular pathophysiology of ischemia/reperfusion ............................................ 30 
2.4 Human induced pluripotent stem cell-derived cardiomyocytes ....................... 34 
2.5 Computational frameworks of hiPSC-CMs ........................................................ 37 

2.5.1 Paci lineage: dawn of hiPSC-CMs in silico models ......................... 38 
2.5.2 Koivumäki model: the structural immaturity ................................... 40 
2.5.3 Kernik model: phenotypic variability ................................................. 41 
2.5.4 A comparative review of the models ................................................. 43 

3 Aims of the study ................................................................................................................. 47 

4 Methods ................................................................................................................................. 48 
4.1 Summary of the models .......................................................................................... 48 
4.2 Integration of the contractile elements into the ionic model ........................... 49 
4.3 Reparameterization of the contractile elements ................................................. 50 
4.4 HCM and the drug-induced calibrations ............................................................. 55 
4.5 Integrating a metabolite-sensitive SERCA model into hiMCE ....................... 60 
4.6 Modeling of ischemia/reperfusion ....................................................................... 62 

4.6.1 Ischemia .................................................................................................. 62 
4.6.2 Reperfusion ............................................................................................ 66 

5 Results .................................................................................................................................... 68 
5.1 Biomarker evaluations of the models ................................................................... 68 
5.2 The results of hiPSC-CM-CE model .................................................................... 71 

5.2.1 Model response to Verapamil and Bay-K8644 ................................ 71 
5.2.2 Simulated inotropic effect of non-CMs in hiPSC-CM 

EHTs ....................................................................................................... 73 
5.3 The results of hiMCE model ................................................................................. 74 

5.3.1 Simulation of HCM-R403Q and MAVA mechanisms ................... 74 
5.3.2 Modeling OM and BLEB dose-dependent inotropy ...................... 76 

5.4 The results of hiMCES model ............................................................................... 78 

 

viii 

analysis on the CE machinery in Studies I & II offer a robust reparameterization 
roadmap from animal-based computational models to hiPSC-CMs phenotype. A 
correct categorization of inotropic effects of non-cardiomyocytes was recapitulated 
in accord with hiPSC-CMs experimental reports. In Study III, the metabolite-
sensitivity in the CE played a key role in capturing the contractile dysfunction, in 
terms of hypercontractility and irregular CRT50, in MYH7R403Q/+ HCM and the 
cardioprotective effect of MAVA, through affecting myofilament crossbridge (XB) 
state transitions and Pi, MgATP, and MgADP. The therapeutic compounds in Study 
III were sarcomere targeting molecules; MAVA, BLEB, and OM. Therefore, their 
mechanism of action was modeled by CE optimizations accordingly, and the XB 
parameter governing the dose-dependence of OM and BLEB inotropic effect was 
identified. In Study IV, in accord with Levosimendan (Levo) inotropic data, the 
dose-dependent effect of Levo as an IKATP agonist was included in the drug-induced 
calibration besides the channel-blockings for INa, ICaL, and IKr. Explicitly, introducing 
the novel oxygen dynamic formulation with a contractile ATPase rate was a first step 
toward linking the cellular energetics to oxygen consumption rate (OCR). Based on 
the sarco/endoplasmic reticulum Ca2+-ATPase pump (SERCA) calibration in Study 
IV, increased affinity of proton binding for luminal-oriented Ca2+ docking sites was 
suggested as a mechanism of SERCA response to I/R condition leading to increased 
Ca2+ concentration in SR. Study IV predicted the upper hand of Ca2+ flux to the 
myofilament in comparison with SERCA Ca2+ uptake, also recapitulating the fact 
that Levo does not increase the inotropy at the expense of elevated oxygen demand. 
Study IV findings suggest that, mechanistically, SERCA contributes similarly in I/R 
and sepsis-induced heart failure conditions. Furthermore, Study IV suggested that 
the increase in proton leak in I/R, which results in elevated oxidative stress, may also 
contribute to the ischemic Ca2+ overload through disrupted competitive proton 
binding in SERCA, as a step toward establishing the connection between the 
elevation of oxidative stress and Ca2+ overload as the two main mechanisms of I/R 
injuries. Finally, Study IV linked the ameliorative effect of Levo on the contractile 
relaxation dysfunction to the drug's specific Ca2+ sensitizing mechanism, which 
involves Ca2+-bound troponin C and Ca2+ flux to the myofilament rather than 
SERCA phosphorylation inhibition.  

To summarize, this thesis offers novel and robust computational frameworks of 
electro-mechano-energetic coupling in hiPSC-CMs, leveraging recent advances in 
human-based in vitro data acquisition. Ultimately, the presented models can serve as 
a platform to test advanced treatment ideas according to the temporal evolution of 
metabolites and molecular mechanisms in cardiomyocytes. 

 

ix 

CONTENTS 

1 Introduction .......................................................................................................................... 17 

2 Literature review ................................................................................................................... 21 
2.1 Cellular physiology of healthy heart ...................................................................... 21 
2.2 Cellular pathophysiology of hypertrophic cardiomyopathy ............................. 26 
2.3 Cellular pathophysiology of ischemia/reperfusion ............................................ 30 
2.4 Human induced pluripotent stem cell-derived cardiomyocytes ....................... 34 
2.5 Computational frameworks of hiPSC-CMs ........................................................ 37 

2.5.1 Paci lineage: dawn of hiPSC-CMs in silico models ......................... 38 
2.5.2 Koivumäki model: the structural immaturity ................................... 40 
2.5.3 Kernik model: phenotypic variability ................................................. 41 
2.5.4 A comparative review of the models ................................................. 43 

3 Aims of the study ................................................................................................................. 47 

4 Methods ................................................................................................................................. 48 
4.1 Summary of the models .......................................................................................... 48 
4.2 Integration of the contractile elements into the ionic model ........................... 49 
4.3 Reparameterization of the contractile elements ................................................. 50 
4.4 HCM and the drug-induced calibrations ............................................................. 55 
4.5 Integrating a metabolite-sensitive SERCA model into hiMCE ....................... 60 
4.6 Modeling of ischemia/reperfusion ....................................................................... 62 

4.6.1 Ischemia .................................................................................................. 62 
4.6.2 Reperfusion ............................................................................................ 66 

5 Results .................................................................................................................................... 68 
5.1 Biomarker evaluations of the models ................................................................... 68 
5.2 The results of hiPSC-CM-CE model .................................................................... 71 

5.2.1 Model response to Verapamil and Bay-K8644 ................................ 71 
5.2.2 Simulated inotropic effect of non-CMs in hiPSC-CM 

EHTs ....................................................................................................... 73 
5.3 The results of hiMCE model ................................................................................. 74 

5.3.1 Simulation of HCM-R403Q and MAVA mechanisms ................... 74 
5.3.2 Modeling OM and BLEB dose-dependent inotropy ...................... 76 

5.4 The results of hiMCES model ............................................................................... 78 



 

x 

5.4.1 Simulation of ischemia.......................................................................... 78 
5.4.2 Simulation of Levosimendan mechanism of action ........................ 83 
5.4.3 Ischemic-induced arrhythmia simulation and IKs ............................ 84 
5.4.4 Simulation of Levosimendan in ischemia and reperfusion ............ 86 

6 Discussion .............................................................................................................................. 89 
6.1 The model of hiPSC-CMs electromechanics ...................................................... 89 
6.2 Electro-mechano-energetics in HCM and drug mechanism ............................ 92 
6.3 Electro-mechano-energetics in ischemia/reperfusion ....................................... 95 
6.4 Limitations and future perspectives ...................................................................... 98 

6.4.1 The hiPSC-CM-CE model (Study II) ................................................. 99 
6.4.2 The hiMCE model (Study III) ............................................................ 99 
6.4.3 The hiMCES model (Study IV) ........................................................101 

7 Conclusion ...........................................................................................................................102 
7.1 Biophysical modeling development and calibration maps ..............................102 
7.2 Extending the orthodox drug modeling formalism .........................................103 
7.3 Discovering cellular crosstalks in ischemia/reperfusion .................................103 

 

 

 

 

 

xi 

ABBREVIATIONS 

 

AP   Action potential 

APA   Action potential amplitude 

ADP   Adenosine diphosphate 

AT   Active tension 

ATP   Adenosine triphosphate 

BLEB   Blebbistatin 

CaT   Ca2+ transient 

CE   Contractile element 

CICR   Calcium induced calcium release 

CL   Cycle length 

CM   Cardiomyocyte 

cMyBP-C  Cardiac myosin binding protein C 

ctn   Percent of cardiomyocytes in EHT 

DAD   Delayed afterdepolarization 

DRX   Disordered relaxed state 

dV/dt max  Maximum upstroke velocity 

EAD   Early afterdepolarization 

EC coupling  Excitation-contraction coupling 

 

x 

5.4.1 Simulation of ischemia.......................................................................... 78 
5.4.2 Simulation of Levosimendan mechanism of action ........................ 83 
5.4.3 Ischemic-induced arrhythmia simulation and IKs ............................ 84 
5.4.4 Simulation of Levosimendan in ischemia and reperfusion ............ 86 

6 Discussion .............................................................................................................................. 89 
6.1 The model of hiPSC-CMs electromechanics ...................................................... 89 
6.2 Electro-mechano-energetics in HCM and drug mechanism ............................ 92 
6.3 Electro-mechano-energetics in ischemia/reperfusion ....................................... 95 
6.4 Limitations and future perspectives ...................................................................... 98 

6.4.1 The hiPSC-CM-CE model (Study II) ................................................. 99 
6.4.2 The hiMCE model (Study III) ............................................................ 99 
6.4.3 The hiMCES model (Study IV) ........................................................101 

7 Conclusion ...........................................................................................................................102 
7.1 Biophysical modeling development and calibration maps ..............................102 
7.2 Extending the orthodox drug modeling formalism .........................................103 
7.3 Discovering cellular crosstalks in ischemia/reperfusion .................................103 

 

 

 

 

 

xi 

ABBREVIATIONS 

 

AP   Action potential 

APA   Action potential amplitude 

ADP   Adenosine diphosphate 

AT   Active tension 

ATP   Adenosine triphosphate 

BLEB   Blebbistatin 

CaT   Ca2+ transient 

CE   Contractile element 

CICR   Calcium induced calcium release 

CL   Cycle length 

CM   Cardiomyocyte 

cMyBP-C  Cardiac myosin binding protein C 

ctn   Percent of cardiomyocytes in EHT 

DAD   Delayed afterdepolarization 

DRX   Disordered relaxed state 

dV/dt max  Maximum upstroke velocity 

EAD   Early afterdepolarization 

EC coupling  Excitation-contraction coupling 



 

x 

5.4.1 Simulation of ischemia.......................................................................... 78 
5.4.2 Simulation of Levosimendan mechanism of action ........................ 83 
5.4.3 Ischemic-induced arrhythmia simulation and IKs ............................ 84 
5.4.4 Simulation of Levosimendan in ischemia and reperfusion ............ 86 

6 Discussion .............................................................................................................................. 89 
6.1 The model of hiPSC-CMs electromechanics ...................................................... 89 
6.2 Electro-mechano-energetics in HCM and drug mechanism ............................ 92 
6.3 Electro-mechano-energetics in ischemia/reperfusion ....................................... 95 
6.4 Limitations and future perspectives ...................................................................... 98 

6.4.1 The hiPSC-CM-CE model (Study II) ................................................. 99 
6.4.2 The hiMCE model (Study III) ............................................................ 99 
6.4.3 The hiMCES model (Study IV) ........................................................101 

7 Conclusion ...........................................................................................................................102 
7.1 Biophysical modeling development and calibration maps ..............................102 
7.2 Extending the orthodox drug modeling formalism .........................................103 
7.3 Discovering cellular crosstalks in ischemia/reperfusion .................................103 

 

 

 

 

 

xi 

ABBREVIATIONS 

 

AP   Action potential 

APA   Action potential amplitude 

ADP   Adenosine diphosphate 

AT   Active tension 

ATP   Adenosine triphosphate 

BLEB   Blebbistatin 

CaT   Ca2+ transient 

CE   Contractile element 

CICR   Calcium induced calcium release 

CL   Cycle length 

CM   Cardiomyocyte 

cMyBP-C  Cardiac myosin binding protein C 

ctn   Percent of cardiomyocytes in EHT 

DAD   Delayed afterdepolarization 

DRX   Disordered relaxed state 

dV/dt max  Maximum upstroke velocity 

EAD   Early afterdepolarization 

EC coupling  Excitation-contraction coupling 

 

x 

5.4.1 Simulation of ischemia.......................................................................... 78 
5.4.2 Simulation of Levosimendan mechanism of action ........................ 83 
5.4.3 Ischemic-induced arrhythmia simulation and IKs ............................ 84 
5.4.4 Simulation of Levosimendan in ischemia and reperfusion ............ 86 

6 Discussion .............................................................................................................................. 89 
6.1 The model of hiPSC-CMs electromechanics ...................................................... 89 
6.2 Electro-mechano-energetics in HCM and drug mechanism ............................ 92 
6.3 Electro-mechano-energetics in ischemia/reperfusion ....................................... 95 
6.4 Limitations and future perspectives ...................................................................... 98 

6.4.1 The hiPSC-CM-CE model (Study II) ................................................. 99 
6.4.2 The hiMCE model (Study III) ............................................................ 99 
6.4.3 The hiMCES model (Study IV) ........................................................101 

7 Conclusion ...........................................................................................................................102 
7.1 Biophysical modeling development and calibration maps ..............................102 
7.2 Extending the orthodox drug modeling formalism .........................................103 
7.3 Discovering cellular crosstalks in ischemia/reperfusion .................................103 

 

 

 

 

 

xi 

ABBREVIATIONS 

 

AP   Action potential 

APA   Action potential amplitude 

ADP   Adenosine diphosphate 

AT   Active tension 

ATP   Adenosine triphosphate 

BLEB   Blebbistatin 

CaT   Ca2+ transient 

CE   Contractile element 

CICR   Calcium induced calcium release 

CL   Cycle length 

CM   Cardiomyocyte 

cMyBP-C  Cardiac myosin binding protein C 

ctn   Percent of cardiomyocytes in EHT 

DAD   Delayed afterdepolarization 

DRX   Disordered relaxed state 

dV/dt max  Maximum upstroke velocity 

EAD   Early afterdepolarization 

EC coupling  Excitation-contraction coupling 



 

xii 

EHT   Engineered heart tissue 

FA   Fatty acids 

FCS   Fractional cell shortening 

HCM   Hypertrophic cardiomyopathy 

hiPSC-CM Human induced pluripotent stem cell-derived 
cardiomyocyte 

hV-CM Human adult ventricular cardiomyocyte 

ICaL L-type Ca2+ current 

If Funny current 

IK1 Inward rectifying K+ current 

IKr Rapid delayed rectifying K+ current 

IKs Slow delayed rectifying K+ current 

INa Fast Na+ current 

INaL Late Na+ current 

INaK Na+/K+ ATPase pump 

Irel Release Ca2+ current from sarcoplasmic reticulum 

Ito Transient outward K+ current 

Iup SERCA uptake Ca2+ flux 

IHD Ischemic heart disease 

I/R Ischemia-reperfusion 

Levo Levosimendan 

MAVA Mavacamten 

MDP Maximum diastolic potential 

 

xiii 

MI Myocardial infarction 

NCX Na+/Ca2+ exchanger 

OCR Oxygen consumption rate 

ODE Ordinary differential equation 

OM Omecamtiv mecarbil 

Pi Inorganic phosphate 

RyR Ryanodine receptors 

RT50 Time from peak to 50% of relaxation 

SA Sinoatrial node 

SERCA Sarcoplasmic Ca2+ ATPase 

SL Sarcomere length 

SR Sarcoplasmic reticulum 

SRX Super relaxed state 

T-tubule Transverse tubule 

WT Wild type 

XB Crossbridge in myofilament 

 

 

 

 

 

 

 

 

xii 

EHT   Engineered heart tissue 

FA   Fatty acids 

FCS   Fractional cell shortening 

HCM   Hypertrophic cardiomyopathy 

hiPSC-CM Human induced pluripotent stem cell-derived 
cardiomyocyte 

hV-CM Human adult ventricular cardiomyocyte 

ICaL L-type Ca2+ current 

If Funny current 

IK1 Inward rectifying K+ current 

IKr Rapid delayed rectifying K+ current 

IKs Slow delayed rectifying K+ current 

INa Fast Na+ current 

INaL Late Na+ current 

INaK Na+/K+ ATPase pump 

Irel Release Ca2+ current from sarcoplasmic reticulum 

Ito Transient outward K+ current 

Iup SERCA uptake Ca2+ flux 

IHD Ischemic heart disease 

I/R Ischemia-reperfusion 

Levo Levosimendan 

MAVA Mavacamten 

MDP Maximum diastolic potential 

 

xiii 

MI Myocardial infarction 

NCX Na+/Ca2+ exchanger 

OCR Oxygen consumption rate 

ODE Ordinary differential equation 

OM Omecamtiv mecarbil 

Pi Inorganic phosphate 

RyR Ryanodine receptors 

RT50 Time from peak to 50% of relaxation 

SA Sinoatrial node 

SERCA Sarcoplasmic Ca2+ ATPase 

SL Sarcomere length 

SR Sarcoplasmic reticulum 

SRX Super relaxed state 

T-tubule Transverse tubule 

WT Wild type 

XB Crossbridge in myofilament 

 

 

 

 

 

 

 



 

xii 

EHT   Engineered heart tissue 

FA   Fatty acids 

FCS   Fractional cell shortening 

HCM   Hypertrophic cardiomyopathy 

hiPSC-CM Human induced pluripotent stem cell-derived 
cardiomyocyte 

hV-CM Human adult ventricular cardiomyocyte 

ICaL L-type Ca2+ current 

If Funny current 

IK1 Inward rectifying K+ current 

IKr Rapid delayed rectifying K+ current 

IKs Slow delayed rectifying K+ current 

INa Fast Na+ current 

INaL Late Na+ current 

INaK Na+/K+ ATPase pump 

Irel Release Ca2+ current from sarcoplasmic reticulum 

Ito Transient outward K+ current 

Iup SERCA uptake Ca2+ flux 

IHD Ischemic heart disease 

I/R Ischemia-reperfusion 

Levo Levosimendan 

MAVA Mavacamten 

MDP Maximum diastolic potential 

 

xiii 

MI Myocardial infarction 

NCX Na+/Ca2+ exchanger 

OCR Oxygen consumption rate 

ODE Ordinary differential equation 

OM Omecamtiv mecarbil 

Pi Inorganic phosphate 

RyR Ryanodine receptors 

RT50 Time from peak to 50% of relaxation 

SA Sinoatrial node 

SERCA Sarcoplasmic Ca2+ ATPase 

SL Sarcomere length 

SR Sarcoplasmic reticulum 

SRX Super relaxed state 

T-tubule Transverse tubule 

WT Wild type 

XB Crossbridge in myofilament 

 

 

 

 

 

 

 

 

xii 

EHT   Engineered heart tissue 

FA   Fatty acids 

FCS   Fractional cell shortening 

HCM   Hypertrophic cardiomyopathy 

hiPSC-CM Human induced pluripotent stem cell-derived 
cardiomyocyte 

hV-CM Human adult ventricular cardiomyocyte 

ICaL L-type Ca2+ current 

If Funny current 

IK1 Inward rectifying K+ current 

IKr Rapid delayed rectifying K+ current 

IKs Slow delayed rectifying K+ current 

INa Fast Na+ current 

INaL Late Na+ current 

INaK Na+/K+ ATPase pump 

Irel Release Ca2+ current from sarcoplasmic reticulum 

Ito Transient outward K+ current 

Iup SERCA uptake Ca2+ flux 

IHD Ischemic heart disease 

I/R Ischemia-reperfusion 

Levo Levosimendan 

MAVA Mavacamten 

MDP Maximum diastolic potential 

 

xiii 

MI Myocardial infarction 

NCX Na+/Ca2+ exchanger 

OCR Oxygen consumption rate 

ODE Ordinary differential equation 

OM Omecamtiv mecarbil 

Pi Inorganic phosphate 

RyR Ryanodine receptors 

RT50 Time from peak to 50% of relaxation 

SA Sinoatrial node 

SERCA Sarcoplasmic Ca2+ ATPase 

SL Sarcomere length 

SR Sarcoplasmic reticulum 

SRX Super relaxed state 

T-tubule Transverse tubule 

WT Wild type 

XB Crossbridge in myofilament 

 

 

 

 

 

 

 



 

xiv 

 

 

xv 

ORIGINAL PUBLICATIONS 

 

This dissertation is based on three original and peer-reviewed publications listed 
below and referred to as Studies I-IV in the text. 

I. M. Forouzandehmehr, N. Cogno, J. Koivumäki, J. Hyttinen, M. Paci, The 
Comparison Between Two Mathematical Contractile Elements Integrated 
into an hiPSC-CM In-silico Model, in: 2020 Comput. Cardiol., IEEE, 2020: 
pp. 1–4. doi: 10.22489/CinC.2020.055. 
 

II. M. Forouzandehmehr, J.T. Koivumäki, J. Hyttinen, M. Paci, A 
mathematical model of hiPSC cardiomyocytes electromechanics, Physiol. 
Rep. 9 (2021). doi:10.14814/phy2.15124. 
 

III. M. Forouzandehmehr, M. Paci, J.T. Koivumäki, J. Hyttinen, Altered 
contractility in mutation-specific hypertrophic cardiomyopathy: A mechano-
energetic in silico study with pharmacological insights, Front. Physiol. 13 
(2022). doi:10.3389/fphys.2022.1010786. 
 

This dissertation is also based on the following unpublished manuscript. 

IV. M. Forouzandehmehr, M. Paci, J. Hyttinen, J. Koivumäki, An in silico 
model of hiPSC cardiomyocytes mapping the ionic and subcellular crosstalks 
onto oxygen deprivation and contractile dysfunction in 
ischemia/reperfusion, (Under Review). 

 

xiv 

 

 

xv 

ORIGINAL PUBLICATIONS 

 

This dissertation is based on three original and peer-reviewed publications listed 
below and referred to as Studies I-IV in the text. 

I. M. Forouzandehmehr, N. Cogno, J. Koivumäki, J. Hyttinen, M. Paci, The 
Comparison Between Two Mathematical Contractile Elements Integrated 
into an hiPSC-CM In-silico Model, in: 2020 Comput. Cardiol., IEEE, 2020: 
pp. 1–4. doi: 10.22489/CinC.2020.055. 
 

II. M. Forouzandehmehr, J.T. Koivumäki, J. Hyttinen, M. Paci, A 
mathematical model of hiPSC cardiomyocytes electromechanics, Physiol. 
Rep. 9 (2021). doi:10.14814/phy2.15124. 
 

III. M. Forouzandehmehr, M. Paci, J.T. Koivumäki, J. Hyttinen, Altered 
contractility in mutation-specific hypertrophic cardiomyopathy: A mechano-
energetic in silico study with pharmacological insights, Front. Physiol. 13 
(2022). doi:10.3389/fphys.2022.1010786. 
 

This dissertation is also based on the following unpublished manuscript. 

IV. M. Forouzandehmehr, M. Paci, J. Hyttinen, J. Koivumäki, An in silico 
model of hiPSC cardiomyocytes mapping the ionic and subcellular crosstalks 
onto oxygen deprivation and contractile dysfunction in 
ischemia/reperfusion, (Under Review). 



 

xiv 

 

 

xv 

ORIGINAL PUBLICATIONS 

 

This dissertation is based on three original and peer-reviewed publications listed 
below and referred to as Studies I-IV in the text. 

I. M. Forouzandehmehr, N. Cogno, J. Koivumäki, J. Hyttinen, M. Paci, The 
Comparison Between Two Mathematical Contractile Elements Integrated 
into an hiPSC-CM In-silico Model, in: 2020 Comput. Cardiol., IEEE, 2020: 
pp. 1–4. doi: 10.22489/CinC.2020.055. 
 

II. M. Forouzandehmehr, J.T. Koivumäki, J. Hyttinen, M. Paci, A 
mathematical model of hiPSC cardiomyocytes electromechanics, Physiol. 
Rep. 9 (2021). doi:10.14814/phy2.15124. 
 

III. M. Forouzandehmehr, M. Paci, J.T. Koivumäki, J. Hyttinen, Altered 
contractility in mutation-specific hypertrophic cardiomyopathy: A mechano-
energetic in silico study with pharmacological insights, Front. Physiol. 13 
(2022). doi:10.3389/fphys.2022.1010786. 
 

This dissertation is also based on the following unpublished manuscript. 

IV. M. Forouzandehmehr, M. Paci, J. Hyttinen, J. Koivumäki, An in silico 
model of hiPSC cardiomyocytes mapping the ionic and subcellular crosstalks 
onto oxygen deprivation and contractile dysfunction in 
ischemia/reperfusion, (Under Review). 

 

xiv 

 

 

xv 

ORIGINAL PUBLICATIONS 

 

This dissertation is based on three original and peer-reviewed publications listed 
below and referred to as Studies I-IV in the text. 

I. M. Forouzandehmehr, N. Cogno, J. Koivumäki, J. Hyttinen, M. Paci, The 
Comparison Between Two Mathematical Contractile Elements Integrated 
into an hiPSC-CM In-silico Model, in: 2020 Comput. Cardiol., IEEE, 2020: 
pp. 1–4. doi: 10.22489/CinC.2020.055. 
 

II. M. Forouzandehmehr, J.T. Koivumäki, J. Hyttinen, M. Paci, A 
mathematical model of hiPSC cardiomyocytes electromechanics, Physiol. 
Rep. 9 (2021). doi:10.14814/phy2.15124. 
 

III. M. Forouzandehmehr, M. Paci, J.T. Koivumäki, J. Hyttinen, Altered 
contractility in mutation-specific hypertrophic cardiomyopathy: A mechano-
energetic in silico study with pharmacological insights, Front. Physiol. 13 
(2022). doi:10.3389/fphys.2022.1010786. 
 

This dissertation is also based on the following unpublished manuscript. 

IV. M. Forouzandehmehr, M. Paci, J. Hyttinen, J. Koivumäki, An in silico 
model of hiPSC cardiomyocytes mapping the ionic and subcellular crosstalks 
onto oxygen deprivation and contractile dysfunction in 
ischemia/reperfusion, (Under Review). 



 

xvi 

AUTHOR’S CONTRIBUTION 

 

In all of Studies I-IV, M. Paci, J. Koivumäki, J. Hyttinen, and M. Forouzandehmehr 
contributed to the study design. M. Paci, J. Koivumäki and J. Hyttinen supervised 
Studies I-IV and revised the manuscripts. M. Paci and J. Koivumäki contributed to 
sensitivity analysis in Study II and Study IV, respectively. M. Forouzandehmehr was 
responsible for majority of model calibrations, simulations, obtaining in vitro data for 
validations, and writing the manuscripts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

17 

1 INTRODUCTION 

Progressive development of precision cardiology demands inclusion of advanced 
and analytical methods to identify the underlying disease with higher accuracy and 
tailor optimal patient-specific treatments accordingly; a goal which is hard to reach 
with conventional empirical setups. This issue is addressed by progressive extension 
of computational models in cardiology which provide mechanistic and integrative 
insights to pathophysiology (Niederer et al., 2019). These biophysical models are 
based on causality and calibrated to simulate validated (patho)physiological datasets, 
which instill confidence in their capacities to make reliable and realistic predictions 
(Niederer et al., 2019). The resulting models in the scope of this thesis can serve as 
a platform to improve diagnosis and prognosis, test treatment ideas, and gradation 
of therapeutic interventions according to the temporal changes in metabolites and 
molecular mechanisms in cardiomyocytes. 

On the other hand, the stem cell technology has opened a new window into 
cardiac pathophysiology research, specifically: 

• by developing EHTs with potential to substitute akinetic parts of the 
heart e.g., in end-stage heart failure (Gunaseeli et al., 2010);  

• by serving as an in vitro drug screening platform for the development of 
patient-specific therapeutics based on hiPSC-CMs derived from donor’s 
somatic cells (Murata et al., 2010); 

• by providing a human-based cardiotoxicity screening platform that can 
offer patient-specific proarrhythmic risk assessments (Murata et al., 
2010). 

Notably, hiPSCs hold the capacity of self-renewal and differentiating through 
gene manipulation methods into different cell types such as cardiomyocytes (Häkli 
et al., 2021a). Representing the patient’s genotype, this remarkable technology 
bypasses the ethical concerns regarding animal experiments and provides a 
practically unlimited source of human-based in vitro models thus offering promising 
opportunities for patient-specific drug safety and efficacy investigations (Murata et 
al., 2010). 

The combination of computational simulations with hV-CMs and in vitro 
simulations with hiPSC-CMs has been projected by FDA as a new paradigm for 
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evaluation of new molecular compounds, the comprehensive in vitro proarrhythmia 
assay  (Sager et al., 2014; Strauss et al., 2019). This approach, enabling drug screening 
beyond hERG-based QT method in cardiac safety pharmacology, is backed by 
pharmaceutical industry and FDA (Paci et al., 2015). Given these, the following 
summarizes the key reasons for developing computational models of hiPSC-CMs 
alongside hV-CMs: 

A. The in vitro use of hiPSC-CMs enables studying of diverse drug-induced 
responses and other perturbations in cardiology. Nevertheless, the inability 
to employ a high throughput method to associate the fundamental ionic, 
genomic, and proteomic mechanisms to the detected whole-cell behavior is 
a grave disadvantage of the in vitro setting. HiPSC-CM computational 
modelling provides a powerful tool for closing this gap (Kernik et al., 2019). 

B. One of the problems in prediction of vulnerability to arrhythmia due to 
genetic diseases or drug effects is interpatient variability (Kernik et al., 2019). 
Developing in silico models of hiPSC-CMs is an effort in response to the 
pressing need to devise new drug development and treatment strategies that 
account for sex and genotype differences across patient populations. 
Specifically, computational models assist us in finding new therapeutic 
targets and predict patient-specific vulnerability to rare cardiac events such 
as arrhythmia in the presence of a genetic mutation (Forouzandehmehr et 
al., 2022; Margara et al., 2022). 

C. Computational models of hiPSC-CMs enhance our quantitative 
understanding of cellular, molecular, and interorganellar interactions, 
especially for preclinical drug tests and prediction of genotype-phenotype 
coupling where in vitro hiPSC-CMs are actively in use (Kernik et al., 2019). 

D. One aspect that has received insufficient attention is the potential impact of 
electrophysiological, contractile, and biochemical disparities between hiPSC-
CMs and hV-CMs on differing reactions to pharmaceutical interventions. 
The identification of these differences is crucial in order to guarantee a 
precise interpretation of combined assays involving in vitro-in silico hiPSC-
CMs and hV-CMs (Paci et al., 2015). For instance, hiPSC-CMs display 
greater sensitivity to selective current block (Paci et al., 2015). Thus, in silico 
models of hiPSC-CMs can facilitate the extrapolation of drug effects and 
proarrhythmic risk assessment from hiPSC-CMs to hV-CMs (Paci et al., 
2015). 

E. Computational models of hiPSC-CMs provide us with a high throughput 
approach to study the mechanisms underlying phenotypic variability in 
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hiPSC-CMs in vitro, thus helping to design more effective in vitro maturation 
protocols and gain mechanistic insights on the translational challenges of 
hiPSC-CMs readouts (Huebsch et al., 2022; Kernik et al., 2019).  

F. The applicability of assessing the population level cell variability or the in 
vitro drug testing is limited by skilled manpower required for implementing 
current in vitro methods as they are not high throughput. In fact, in vitro 
measurements cannot be used efficiently to test all possible positive or 
adverse effects of drug candidates on the cardiac functions. Thus, there is a 
great need for developing new high-throughput predictive methods to gain 
mechanistic insights. 

G. Finally, in drug cardiotoxicity tests, the computational models have shown 
high regulatory impact. That is, simulation results can constitute the key 
source of evidence in analysis of drug’s cardiotoxicity. They can replace part 
of the data traditionally generated in a pre-clinical trials (Musuamba et al., 
2021). 

Several mathematical models of hiPSC cardiomyocytes have been developed and 
used in drug studies (Kernik et al., 2019; Koivumäki et al., 2018; Paci et al., 2020). 
However, most models lack EC coupling and the mechanical feedback to the ion 
dynamics. When this doctoral project started in 2019, there was no whole cell models 
of hiPSC-CMs with strong mechano-electric coupling, and the adult CMs 
electromechanical models were scarce. Moreover, there have been no whole-cell 
computational models of hiPSC-CMs electro-mechano-energetics capable of 
capturing mutation-specific pathologies and I/R together with the relevant drug 
effects. These facts motivated me to incorporate the contractile function into the 
mainstream mathematical models of hiPSC-CMs (Study I) and complement the 
models toward the electro-mechano-energetic coupling (Study IV). 

The main objective of this thesis was to establish robust and novel mathematical 
frameworks for hiPSC-CMs pathophysiological investigations and advancing the 
electro-mechano-energetic coupling at cell level. To this end, the first mathematical 
model of hiPSC-CMs electromechanics was developed by integrating a model of 
contractile element by Rice et al. (Rice et al., 2008) into Paci2020 model of hiPSC-
CMs electrophysiology (Paci et al., 2020). I aimed for simulating key ionic 
biomarkers, the new contractile readouts, the inotropic effects of Verapamil and 
Bay-K 8644 and validating them against in vitro hiPSC-CMs data. The next objective 
was employing the established model as a computational basis and updating with a 
metabolite-sensitive contractile element, to investigate complex and less explored 
cellular pathologies such as mutation-specific HCM and the action mechanism and 
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hiPSC-CMs in vitro, thus helping to design more effective in vitro maturation 
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hiPSC-CMs readouts (Huebsch et al., 2022; Kernik et al., 2019).  

F. The applicability of assessing the population level cell variability or the in 
vitro drug testing is limited by skilled manpower required for implementing 
current in vitro methods as they are not high throughput. In fact, in vitro 
measurements cannot be used efficiently to test all possible positive or 
adverse effects of drug candidates on the cardiac functions. Thus, there is a 
great need for developing new high-throughput predictive methods to gain 
mechanistic insights. 

G. Finally, in drug cardiotoxicity tests, the computational models have shown 
high regulatory impact. That is, simulation results can constitute the key 
source of evidence in analysis of drug’s cardiotoxicity. They can replace part 
of the data traditionally generated in a pre-clinical trials (Musuamba et al., 
2021). 

Several mathematical models of hiPSC cardiomyocytes have been developed and 
used in drug studies (Kernik et al., 2019; Koivumäki et al., 2018; Paci et al., 2020). 
However, most models lack EC coupling and the mechanical feedback to the ion 
dynamics. When this doctoral project started in 2019, there was no whole cell models 
of hiPSC-CMs with strong mechano-electric coupling, and the adult CMs 
electromechanical models were scarce. Moreover, there have been no whole-cell 
computational models of hiPSC-CMs electro-mechano-energetics capable of 
capturing mutation-specific pathologies and I/R together with the relevant drug 
effects. These facts motivated me to incorporate the contractile function into the 
mainstream mathematical models of hiPSC-CMs (Study I) and complement the 
models toward the electro-mechano-energetic coupling (Study IV). 

The main objective of this thesis was to establish robust and novel mathematical 
frameworks for hiPSC-CMs pathophysiological investigations and advancing the 
electro-mechano-energetic coupling at cell level. To this end, the first mathematical 
model of hiPSC-CMs electromechanics was developed by integrating a model of 
contractile element by Rice et al. (Rice et al., 2008) into Paci2020 model of hiPSC-
CMs electrophysiology (Paci et al., 2020). I aimed for simulating key ionic 
biomarkers, the new contractile readouts, the inotropic effects of Verapamil and 
Bay-K 8644 and validating them against in vitro hiPSC-CMs data. The next objective 
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effect of promising sarcomere-targeting drugs such as MAVA, OM, and BLEB. As 
the final objective, I aimed for complementing the model toward a more refined 
electro-mechano-energetic coupling by adding a mathematical model of metabolite-
sensitive SERCA pump and a novel oxygen dynamic formulation. Facilitated by the 
emerging in vitro hiPSC-CM I/R data, the model was calibrated to explore the main 
ischemic mechanisms, (hypoxia, hyperkalemia, and acidosis), separately and 
combined. The model associates the metabolite and molecular dynamics to cell-level 
readouts to characterize the ionic and subcellular signature unique in I/R and the 
recently reported antiarrhythmic effect of Levo in ischemia. 

Aside from the studied pathologies, the models developed withing this doctoral 
thesis rigorously investigate the action mechanisms and effects of promising drugs 
such as MAVA, OM, BLEB, and Levosimendan in light of the aforementioned 
diseases. Surpassing the orthodox IC50-based channel blocking formalism, the 
models propose novel mechanistic methods to explore the action mechanism and 
predict the effects of sarcomere-targeting drugs regarding interfilament kinetics. 

All in all, the computational models developed in this doctoral thesis demonstrate 
deep-phenotyping and pharmacological potential. They can serve as platforms to test 
mutation-specific HCM and I/R treatment ideas according to the temporal evolution 
of metabolites and molecular mechanisms in cardiomyocytes. 
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2 LITERATURE REVIEW 

 
2.1 Cellular physiology of healthy heart 
 

Pumping oxygenated blood into systemic circulation and sending vital nutrients to 
the cells are main tasks of the heart muscle, myocardium. The cardiac conduction 
system synchronizes the cardiac contraction (Kennedy et al., 2016) which is regulated 
by metabolic dynamics (Kolwicz et al., 2013) and the autonomic nervous system as 
well (Habecker et al., 2016). Cardiomyocytes are the contractile units in the 
myocardium which consist only 20-30% of the total cell count but 70-85% of the 
whole myocardial space. The non-cardiomyocyte portion of the heart muscle 
consists of fibroblasts, endothelial cells, and leukocytes (Y. Guo & Pu, 2020). 

Cardiac contraction begins with the SA node generated impulse rendering the 
cardiac conduction system (CCS) propagating the excitation all through the entire 
myocardium (Kennedy et al., 2016). Upon receiving the excitation wave by 
cardiomyocytes, the cells produce AP and active tension (AT) through a rapid 
communication called the EC coupling (Crocini & Gotthardt, 2021; Eisner et al., 
2017). AP morphology can be categorized into five distinct phases which may appear 
dissimilar between different types of cardiomyocytes (Figure 1). This depends on the 
specific manifestation of the ion currents governing each phase of the AP (Nerbonne 
& Kass, 2005). In Figure 1, phase 0 denotes the rapid depolarization of CMs. In this 
phase, the resting (diastolic) membrane potential (-75 to -85 mV) rapidly rises to 
reach 20 to 40 mV which is succeeded by a fast repolarization period (phase 1) to 20 
to 0 mV. Thenceforth, the ventricular AP enters a long plateau (phase 2) of 200 to 
300 milliseconds length which is less obvious in nodal and atrial APs. Finally, the 
membrane potential returns to the diastolic state (phase 4) by a late repolarization 
(Kockskämper, 2016). 
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Figure 1. The phases of the cardiac action potential. This figure shows the main ion channels 

that impact the five distinct phases of the cardiac action potential, both in terms of inward 
and outward flow (adopted from (Lester et al., 2019) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/). It should be noted that these phases 
correspond to time-dependent intervals that are determined by the entry and exit of 
different ions and their influence on the transmembrane voltage. 

 
In the AP development, IK1 and INa are largely responsible for the negative resting 
membrane potential and the rapid depolarization, respectively. Inactivation of INa 
occurs at the end of phase 0 and the activation of Ito elicits the fast repolarization in 
phase 1. The plateau in phase 2 is mostly defined by the balance between ICaL and 
outward K+ currents, triggering the CICR mechanism where Ca2+ is released from 
SR into the cytoplasm. More pronounced in ventricular than atrial CMs, IKr and IKs 
cause the repolarization illustrated in phase 3 proportionately to the level IK1 is 
responsible for the resting membrane potential (Kockskämper, 2016; Nerbonne & 
Kass, 2005). 

Upon AP depolarization which leads to the opening of L-type Ca2+ channels over 
the cell membrane and T-tubules the EC coupling triggers the cardiomyocyte 
contraction (Figure 2) (Eisner et al., 2017). T-tubules are invaginations of 
sarcolemma associated with large concentration of ion channels traversing to the 
center of cardiomyocytes while forming a communication network around long axis 
of myofibrils (Crocini & Gotthardt, 2021; Hong & Shaw, 2017). Ryanodine receptors 
of SR sense the elevated intracellular Ca2+ level due to the L-type funneled Ca2+ 
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influx and trigger CICR mechanism (Eisner et al., 2017; Kockskämper, 2016). 
Together with SR Ca2+ buffering, troponin C is also a main Ca2+ buffers in the 
cytosol (G. L. Smith & Eisner, 2019). When the released Ca2+ into the cytoplasm 
binds to the troponin of the myofilaments, the contractile units of CMs, the 
contraction takes place (Crocini & Gotthardt, 2021).  

 

 
Figure 2. A schematic of Ca2+ dynamics during cardiac excitation-contraction adopted from 

(Mahmoodzadeh & Dworatzek, 2019) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/.  The occurrence of an action potential leads 
to the activation of L-type calcium channels, allowing the influx of Ca2+ into the cell. This 
Ca2+ influx then triggers the subsequent release of additional calcium ions from the 
sarcoplasmic reticulum (SR) through the activation of ryanodine receptors (RyR2). 
Intracellular Ca2+ interact with troponin within the myofibrils, resulting in the exposure of 
myosin binding sites on the actin filaments. The process of sarcomere contraction involves 
the binding of myosin to actin, followed by the movement of myosin along the filament. 
The process of relaxation takes place when the concentration of Ca2+ is reduced in the 
cytoplasm, either by being transported to the SR through the sarco/endoplasmic reticulum 
Ca2+-ATPase (SERCA) or by being transported outside the cell through the sodium-
calcium exchanger (NCX). 
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Sarcomeres, the contractile components of myofibrils, comprise of thin (actins) and 
thick (myosins) filaments (Figure 3). Actins and myosins are interconnected with 
each other and at each end of the sarcomere they attach to Z-disk (Sarantitis et al., 
2012). A sarcomere also consists of a number of accessory proteins, namely, 
troponin, tropomyosin, cMyBP-C, and titin taking part in the contraction process 
(Sarantitis et al., 2012). Troponin has T, I, and C subunits with different functions. 
Troponin C acts as a binding dock for Ca2+ whilst troponin I is an inhibitory agent 
binding to actin harbors holding actin-tropomyosin in location and preventing 
actomyosin crossbridge formation. Troponin T, the largest of the subunits, plays 
mainly a structural role by facilitating the fixation of the troponin complex by binding 
to actin and tropomyosin (Gomes et al., 2002). Titin, attached to the Z-disk, 
contributes to the stability, structure, and flexibility of the sarcomere during 
contraction. It is connected to the myofilaments via cMyBP-C and serves as a 
mechanical spring during the contraction-relaxation cycle (Crocini & Gotthardt, 
2021; Sarantitis et al., 2012). 
 

 
Figure 3. Schematics of sarcomere structure. Sarcomeres are the building blocks of myofibrils. 

Cardiac contraction is the product of actomyosin interaction toward the Z-disk. The 
sarcomere structure is stabilized by titins, functioning as a spring in contraction/relaxation 
(Created with BioRender.com).  

 
The binding of cytosolic Ca2+ to troponin C and altering its conformation start the 
cardiomyocyte contraction process. Next, Troponin I and C interact with each other 
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and troponin I disconnects from the thin filaments. As binding of Ca2+ to troponin 
C triggers the conformational arrangement change, the myosin binding sites on the 
thin filaments become accessible for myosin heads as a result of tropomyosin and 
troponin relocation (de Tombe, 2003; Gomes et al., 2002). These biomechanical 
processes lead to binding of myosin heads to the docking sites on actins which is 
called the crossbridge formation. Upon dissociation of myosin heads from thin 
filaments, the myosin heads bind to ATPs where ATP hydrolyzation induce 
conformational change in myosin heads from super relaxed state (SRX) to disturbed 
relaxed state (DRX) rendering the next crossbridge forming cycle (Nag & Trivedi, 
2021; Sarantitis et al., 2012). Finally, in the XB formation mechanism myosin heads 
thread toward the sarcomere Z-disks resulting in sarcomere shortening (contraction) 
and their retreat leads to the subsequent relaxation (Crocini & Gotthardt, 2021). 

Only 10% of myosin molecules in sarcomeres are thought to be involved in the 
production of sarcomere force (Spudich, 2014); this observation suggests that there 
is/are some mechanism(s) by which unneeded myosins are prevented from forming 
inappropriate XBs, thus avoiding unnecessary energy expenditure. Recent structural 
data and biochemical analyses indicate that the energy-saving state is facilitated by 
dynamic conformational changes occurring between paired myosin molecules, thus 
serving as a structural mechanism (Alamo et al., 2017; Hooijman et al., 2011; Nag et 
al., 2017). The interaction between the head domains of paired myosin molecules is 
observed through an interacting-heads motif (IHM) in two conformations: the SRX 
conformation, where the ATP-binding domains are sterically inhibited and cannot 
bind actin, and the DRX conformation, where only one myosin head is accessible 
for ATP hydrolysis and interaction with actin (Alamo et al., 2017) (Figure 3). 
According to this model, the ratio of myosins in these conformations would affect 
both energy consumption and contractility. Additionally, this phenomenon offers a 
mechanism for maintaining a harmonious equilibrium between work output and 
metabolic expenditures, thereby facilitating sustained cardiac functionality 
throughout an individual's lifespan. 

The sarcomere relaxation coincides with the steep decrease in cytosolic Ca2+ 
during each AP cycle (Kockskämper, 2016). A key contributor to Ca2+ removal is 
the SERCA pump which imports intracellular Ca2+ into the SR space. Another 
contributor to the Ca2+ removal is the sarcolemmal NCX which exports one Ca2+ to 
the extracellular matrix and imports three Na+. Depending on the transmembrane 
ion concentration gradients, NCX can function in forward or reverse mode, 
extruding Ca2+ in the former and intruding Ca2+ in the latter. In the initial AP 
depolarization phase, NCX functions in reverse mode as voltage-gated sodium 
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(Sarantitis et al., 2012). Troponin has T, I, and C subunits with different functions. 
Troponin C acts as a binding dock for Ca2+ whilst troponin I is an inhibitory agent 
binding to actin harbors holding actin-tropomyosin in location and preventing 
actomyosin crossbridge formation. Troponin T, the largest of the subunits, plays 
mainly a structural role by facilitating the fixation of the troponin complex by binding 
to actin and tropomyosin (Gomes et al., 2002). Titin, attached to the Z-disk, 
contributes to the stability, structure, and flexibility of the sarcomere during 
contraction. It is connected to the myofilaments via cMyBP-C and serves as a 
mechanical spring during the contraction-relaxation cycle (Crocini & Gotthardt, 
2021; Sarantitis et al., 2012). 
 

 
Figure 3. Schematics of sarcomere structure. Sarcomeres are the building blocks of myofibrils. 

Cardiac contraction is the product of actomyosin interaction toward the Z-disk. The 
sarcomere structure is stabilized by titins, functioning as a spring in contraction/relaxation 
(Created with BioRender.com).  
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and troponin I disconnects from the thin filaments. As binding of Ca2+ to troponin 
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thin filaments become accessible for myosin heads as a result of tropomyosin and 
troponin relocation (de Tombe, 2003; Gomes et al., 2002). These biomechanical 
processes lead to binding of myosin heads to the docking sites on actins which is 
called the crossbridge formation. Upon dissociation of myosin heads from thin 
filaments, the myosin heads bind to ATPs where ATP hydrolyzation induce 
conformational change in myosin heads from super relaxed state (SRX) to disturbed 
relaxed state (DRX) rendering the next crossbridge forming cycle (Nag & Trivedi, 
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channels rapidly intrude Na+. The repolarizing outward current in phases 0 and 1 of 
AP development is due to influx of Ca2+ and efflux of Na+ due to the reverse mode 
of NCX. Subsequently, NCX enters its forward mode during phases 2-4 of AP 
extruding Ca2+ from the cytosol leading to a depolarizing inward current (Figure 1).  

Another key ion exchanger affecting AP development is Na+/K+ ATPase (NKA) 
that makes an outward current by actively extruding three Na+ and intruding two K+ 
into the cytosol maintaining the K+ and Na+ homeostasis. ATP hydrolysis fuels the 
active ion transport in NKA which contributes to AP repolarization (phase 3). It 
also decreases the diastolic membrane potential toward more negative values and 
shortens the plateau phase of AP (Eisner et al., 2017; Kockskämper, 2016; Shattock 
et al., 2015). 

The complex electrophysiological, mechanical, and energetic processes that lead 
to the contraction of the heart place a high energy demand on the cardiac tissue. 
Explicitly, fatty acids (FA), glucose, ketone bodies, can be used by cardiomyocytes 
as a source of energy (Martínez et al., 2017). Despite glucose being the substrate with 
the highest energy efficiency, FAs assume the role of the predominant energy source 
under aerobic conditions and during periods of rest. Fatty acids contribute to 60-
90% of the energy generated, whereas glucose only accounts for 10-40% of the 
energy produced (Martínez et al., 2017; Rosano et al., n.d.). Nonetheless, CMs are 
dependent on the influx of FA from the blood because they are unable to generate 
these molecules effectively on their own (Martínez et al., 2017). However, hiPSC-
CMs rely upon glycolytic metabolism in contrast to FA-based mechanism of native 
adult CMs. Following the process of glycolysis, in conjunction with the assimilation 
of metabolites into the tricarboxylic acid cycle, ADP undergoes oxidative 
phosphorylation within the mitochondrial respiratory chain, resulting in the 
production of ATP. This ATP subsequently serves as a source of energy for muscle 
contraction (Martínez et al., 2017; Rosano et al., n.d.). 
 
 
2.2 Cellular pathophysiology of hypertrophic cardiomyopathy 

 
Hypertrophic cardiomyopathy (HCM) is the most commonly inherited 
cardiomyopathy with an autosomal dominant inheritance pattern. It is characterized 
by the thickening of the left ventricular wall, hypercontraction, impaired relaxation, 
and increased energy consumption that cannot be attributed to abnormal loading 
conditions (Gartzonikas et al., 2023). Obstructive HCM, the most common type, is 
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characterized by thickened septum and associates with obstruction of left ventricle 
outflow tract (Ho et al., 2020). 

Between 34% and 60% of the time, a gene that causes a disease is discovered, 
and MYBPC3 and MYH7 are the two most often altered sarcomeric protein-
encoding genes (Gartzonikas et al., 2023). The prevalence of HCM in the general 
adult population ranges from 1:344 to 1:625 according to numerous studies (Maron 
et al., 1995, 2004; Zou et al., 2004). There is no distinct geographic, racial, or sexual 
distribution of HCM. Several studies, however, show that men are diagnosed more 
frequently than women (Maron et al., 1995, 2004; Zou et al., 2004). People with 
HCM are often diagnosed when an irregular ECG is found during a routine test, a 
heart murmur is found during a physical examination, family screening studies of 
HCM probands are conducted, or when symptoms manifest. 

According to the 2020 guidelines on HCM by the American Heart Association 
(AHA) and the American College of Cardiology (ACC), it is important to consider 
other systemic disorders that can lead to left ventricular hypertrophy in the 
differential diagnosis during the evaluation, even though they are not classified as 
HCM. HCM is a prevalent hereditary cardiac disorder primarily attributed to 
mutations in genes encoding sarcomere proteins (Ommen et al., 2020). 

HCM has an autosomal dominant mode of inheritance and is a classic single gene 
disease (Maron et al., 2012). The genes that make sarcomeric proteins, particularly 
MYH7 (-myosin heavy chain), MyBPC3 (Ho et al., 2015), and TNNT2 (troponin 
T2) (Coppini et al., 2014), exhibit heterozygous missense or truncating mutations in 
around 35–60% of HCM patients. Despite some similarities, each mutation appears 
to produce a different pathophysiology, this mutation-specificity could account for 
the documented clinical phenotypic variety in HCM associated with sarcomeres 
(Limongelli et al., 2021). The association between the dysfunction of sarcomeric 
proteins and the adverse remodeling of the myocardium seems to be evident, given 
the frequent occurrence of diastolic dysfunction and heightened ventricular 
arrhythmogenesis (Olivotto et al., 2009). 

In HCM, primitive functional changes occur at the sarcomere level, altering the 
actin-myosin interaction (Spudich, 2019) and impairing the thin filament's ability to 
switch off at low calcium concentrations (Tardiff et al., 2015). As a result, force 
generation requires more energy, contributing to the pathophysiology of the disease. 
Due to an increase in cytosolic Ca2+ buffering and an immediate impact on cardiac 
relaxation and energetics, the enhanced myofilament Ca2+ sensitivity is brought on 
by a direct effect of the mutation or post-translational modifications which 
secondarily causes electrical remodeling and increased arrhythmogenesis (Hoskins et 
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al., 2010). Aside from these main alterations, secondary alterations also happen when 
the sarcoplasmic reticulum and the sarcolemmal functions are negatively remodeled 
(Coppini et al., 2013). It has been shown that individuals with obstructive HCM 
experience changes in intracellular Ca2+ fluxes along with altered transmembrane ion 
currents (weaker K+ currents, increased Ca2+ and Na+ currents) (Coppini et al., 2013; 
Ferrantini et al., 2018). The measured active tension developed in HCM reveals a 
positive force frequency relationship (Coppini et al., 2013; Schotten et al., 1999). 
Additionally, the observed preservation of positive inotropic responses to β-
adrenergic stimulation and stimulation pauses, as well as the sustained amplitude of 
CaTs and SR Ca2+ content measured in HCM cardiomyocytes, provides further 
evidence of the contractile reserve present in the ventricular muscle affected by 
HCM (Coppini et al., 2013; Ferrantini et al., 2018). 

The vast majority of pathogenic variations responsible for HCM are located 
within the genes MYH7 and MYBPC3. These genes are responsible for encoding 
the primary isoform of adult cardiac myosin and myosin-binding protein C, 
respectively. A significant proportion of MYBPC3 HCM variants result in the 
production of truncated proteins, which enhance the contractile properties of 
myosin and alter the ratio of myosins in DRX phase (McNamara et al., 2016, 2017; 
Toepfer et al., 2019). In contrast, all MYH7 HCM variants encode missense residues, 
and it is unclear how these subtle modifications to myosin SRX and DRX 
conformations will affect cellular processes. In fact, previous biophysical and 
biochemical analyses of isolated single myosin head fragments with HCM variants 
do not always show gain of function, as might be predicted by a conformational shift 
toward DRX (Figure 3) (Ho et al., 2018; Kawana et al., 2017; Lowey et al., 2018; 
Moore et al., 2012; Mosqueira et al., 2018; Nag et al., 2015a; Sommese et al., 2013).  
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Figure 3. Myosin heads in different conformations adapted from (Schmid & Toepfer, 2021) 

under CC BY license: https://creativecommons.org/licenses/by/4.0/. The equilibrium 
between the myosin super-relaxed (SRX) and disordered-relaxed (DRX) states is subject 
to modulation by various regulatory mechanisms, including the phosphorylation of cardiac 
regulatory light chain (cRLC) and cMyBPC, as well as the length of the sarcomere (SL). 
The binding of myosin heads to actin occurs in the presence of calcium binding to troponin. 
The states of SRX, DRX, and active contraction undergo alterations throughout the 
contraction process. During the process of relaxation, a significant proportion of myosin 
heads maintain the SRX conformation (Brunello et al., 2020). BH: blocked head state, FH: 
free head state. 

 
Arrhythmias, most often atrial fibrillation, are frequently brought on by HCM, and 
in a few cases, these arrhythmias result in cardiac failure and early death. A 
comprehensive examination of over 4500 patients diagnosed with HCM has 
demonstrated a stratification of heart failure and arrhythmic risks based on the 
specific genotype of sarcomere proteins. The highest risks were observed in patients 
harboring pathogenic or likely pathogenic variants, followed by an intermediate risk 
category comprising patients with variants of unknown clinical significance (VUS). 
Patients lacking sarcomere variants exhibited the lowest risks in this regard (Ho et 
al., 2018). 
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2.3 Cellular pathophysiology of ischemia/reperfusion 
 

The most prevalent cardiovascular illness and a significant contributor to morbidity 
and mortality worldwide is IHD (Khan et al., 2020). In IHD, the blood supply to the 
cardiac tissue is diminished or blocked, depriving it of oxygen and nutrients and 
causing the buildup of metabolic waste. On the other side, this impairs heart function 
by causing damage to and/or death of the cardiomyocytes. IHD is most frequently 
caused by coronary artery disease. The coronary arteries that provide blood to the 
heart get clogged with plaque, which causes the arterial lumen to narrow and the 
blood flow to the myocardial to decline. If the plaque ruptures, it may result in an 
abrupt blockage of the artery that completely stops blood flow and causes CM 
mortality unless the blood flow is restored through prompt reperfusion (Ambrose & 
Singh, 2015). Acute IHD events may manifest abruptly, such as in instances of 
plaque rupture, or they may gradually evolve as a chronic state characterized by 
diminished blood supply to the heart, ultimately leading to heart failure (Libby & 
Theroux, 2005). Although prompt reperfusion is essential for salvaging the ischemic 
region, it initially induces additional tissue damage (Hausenloy & Yellon, 2013). 

The electrophysiological, biochemical, and metabolic processes of CMs are 
altered as a result of oxygen and nutrient loss during ischemia (Figure 4) (Hausenloy 
& Yellon, 2013). Because oxidative phosphorylation cannot occur in the absence of 
oxygen, the heart switches from aerobic FA metabolism to inadequate and inefficient 
anaerobic glycolysis (María Sofía  Martínez et al., 2017; Rosano et al., n.d.). The 
intracellular pH is lowered as a result of ATP depletion and a rise in lactate 
(Hausenloy & Yellon, 2013; Martínez et al., 2017). When H+ builds up, the Na+-H+ 
exchanger (NHE) activates, releasing one H+ ion in exchange for the import of one 
Na+, which causes intracellular Na+ buildup. As NKA is unable to operate in the 
absence of ATP, NCX is activated in the reverse mode, releasing Na+ and increasing 
intracellular Ca2+ levels (Garcia-Dorado et al., 2012; Kalogeris et al., 2016; Sanada et 
al., 2011). The reduced pH makes troponin C less sensitive to Ca2+, which delays the 
appearance of the myosin binding site and, as a result, hampers CM contraction 
(Sanada et al., 2011). 
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Figure 4.  A schematic of key cellular mechanisms in myocardial ischemia-reperfusion injury 

adopted from (Li et al., 2016) under CC BY-NC-ND license: 
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en. An anaerobic glycolysis in 
ischemia leads to the lowered pH level casing an inhibited myofibrillar contracture. The 
reperfusion renders myofibrillar hypercontracture. 

 
Ischemia alters the ion channel and pump functions, which affects the AP shape of 
the cardiomyocytes (Figure 5A). The surface electrocardiogram can exhibit different 
patterns depending on whether the ischemia affects the entire thickness of the heart 
wall (transmural) or is limited to the subendocardial layer (Figure 5B). Ion channels 
and pumps that depend on ATP hydrolysis are rendered inactive by the lack of ATP 
during ischemia. As a result of a drop in intracellular K+ and a rise in extracellular 
K+ after ischemia, the resting membrane potential of the CM becomes more 
depolarized (less negative). That depolarization further inactivates Na+ channels, 
which cannot then produce the fast upstroke that would normally happen during AP 
phase 0 (Klabunde, 2017). The slower AP upstroke at the cell level directly slows 
down the conduction of the excitation wave at the tissue level, in conjunction with 
ischemia-induced gap junctional uncoupling of cells (De Vuyst et al., 2011; Garcia-
Dorado et al., 2012). At a membrane potential of -55 mV, the rapid sodium (Na+) 
channels undergo inactivation. Nevertheless, APs can still occur as a result of the 

 

30 

2.3 Cellular pathophysiology of ischemia/reperfusion 
 

The most prevalent cardiovascular illness and a significant contributor to morbidity 
and mortality worldwide is IHD (Khan et al., 2020). In IHD, the blood supply to the 
cardiac tissue is diminished or blocked, depriving it of oxygen and nutrients and 
causing the buildup of metabolic waste. On the other side, this impairs heart function 
by causing damage to and/or death of the cardiomyocytes. IHD is most frequently 
caused by coronary artery disease. The coronary arteries that provide blood to the 
heart get clogged with plaque, which causes the arterial lumen to narrow and the 
blood flow to the myocardial to decline. If the plaque ruptures, it may result in an 
abrupt blockage of the artery that completely stops blood flow and causes CM 
mortality unless the blood flow is restored through prompt reperfusion (Ambrose & 
Singh, 2015). Acute IHD events may manifest abruptly, such as in instances of 
plaque rupture, or they may gradually evolve as a chronic state characterized by 
diminished blood supply to the heart, ultimately leading to heart failure (Libby & 
Theroux, 2005). Although prompt reperfusion is essential for salvaging the ischemic 
region, it initially induces additional tissue damage (Hausenloy & Yellon, 2013). 

The electrophysiological, biochemical, and metabolic processes of CMs are 
altered as a result of oxygen and nutrient loss during ischemia (Figure 4) (Hausenloy 
& Yellon, 2013). Because oxidative phosphorylation cannot occur in the absence of 
oxygen, the heart switches from aerobic FA metabolism to inadequate and inefficient 
anaerobic glycolysis (María Sofía  Martínez et al., 2017; Rosano et al., n.d.). The 
intracellular pH is lowered as a result of ATP depletion and a rise in lactate 
(Hausenloy & Yellon, 2013; Martínez et al., 2017). When H+ builds up, the Na+-H+ 
exchanger (NHE) activates, releasing one H+ ion in exchange for the import of one 
Na+, which causes intracellular Na+ buildup. As NKA is unable to operate in the 
absence of ATP, NCX is activated in the reverse mode, releasing Na+ and increasing 
intracellular Ca2+ levels (Garcia-Dorado et al., 2012; Kalogeris et al., 2016; Sanada et 
al., 2011). The reduced pH makes troponin C less sensitive to Ca2+, which delays the 
appearance of the myosin binding site and, as a result, hampers CM contraction 
(Sanada et al., 2011). 

 
 

 

31 

 
Figure 4.  A schematic of key cellular mechanisms in myocardial ischemia-reperfusion injury 

adopted from (Li et al., 2016) under CC BY-NC-ND license: 
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en. An anaerobic glycolysis in 
ischemia leads to the lowered pH level casing an inhibited myofibrillar contracture. The 
reperfusion renders myofibrillar hypercontracture. 

 
Ischemia alters the ion channel and pump functions, which affects the AP shape of 
the cardiomyocytes (Figure 5A). The surface electrocardiogram can exhibit different 
patterns depending on whether the ischemia affects the entire thickness of the heart 
wall (transmural) or is limited to the subendocardial layer (Figure 5B). Ion channels 
and pumps that depend on ATP hydrolysis are rendered inactive by the lack of ATP 
during ischemia. As a result of a drop in intracellular K+ and a rise in extracellular 
K+ after ischemia, the resting membrane potential of the CM becomes more 
depolarized (less negative). That depolarization further inactivates Na+ channels, 
which cannot then produce the fast upstroke that would normally happen during AP 
phase 0 (Klabunde, 2017). The slower AP upstroke at the cell level directly slows 
down the conduction of the excitation wave at the tissue level, in conjunction with 
ischemia-induced gap junctional uncoupling of cells (De Vuyst et al., 2011; Garcia-
Dorado et al., 2012). At a membrane potential of -55 mV, the rapid sodium (Na+) 
channels undergo inactivation. Nevertheless, APs can still occur as a result of the 



 

30 

2.3 Cellular pathophysiology of ischemia/reperfusion 
 

The most prevalent cardiovascular illness and a significant contributor to morbidity 
and mortality worldwide is IHD (Khan et al., 2020). In IHD, the blood supply to the 
cardiac tissue is diminished or blocked, depriving it of oxygen and nutrients and 
causing the buildup of metabolic waste. On the other side, this impairs heart function 
by causing damage to and/or death of the cardiomyocytes. IHD is most frequently 
caused by coronary artery disease. The coronary arteries that provide blood to the 
heart get clogged with plaque, which causes the arterial lumen to narrow and the 
blood flow to the myocardial to decline. If the plaque ruptures, it may result in an 
abrupt blockage of the artery that completely stops blood flow and causes CM 
mortality unless the blood flow is restored through prompt reperfusion (Ambrose & 
Singh, 2015). Acute IHD events may manifest abruptly, such as in instances of 
plaque rupture, or they may gradually evolve as a chronic state characterized by 
diminished blood supply to the heart, ultimately leading to heart failure (Libby & 
Theroux, 2005). Although prompt reperfusion is essential for salvaging the ischemic 
region, it initially induces additional tissue damage (Hausenloy & Yellon, 2013). 

The electrophysiological, biochemical, and metabolic processes of CMs are 
altered as a result of oxygen and nutrient loss during ischemia (Figure 4) (Hausenloy 
& Yellon, 2013). Because oxidative phosphorylation cannot occur in the absence of 
oxygen, the heart switches from aerobic FA metabolism to inadequate and inefficient 
anaerobic glycolysis (María Sofía  Martínez et al., 2017; Rosano et al., n.d.). The 
intracellular pH is lowered as a result of ATP depletion and a rise in lactate 
(Hausenloy & Yellon, 2013; Martínez et al., 2017). When H+ builds up, the Na+-H+ 
exchanger (NHE) activates, releasing one H+ ion in exchange for the import of one 
Na+, which causes intracellular Na+ buildup. As NKA is unable to operate in the 
absence of ATP, NCX is activated in the reverse mode, releasing Na+ and increasing 
intracellular Ca2+ levels (Garcia-Dorado et al., 2012; Kalogeris et al., 2016; Sanada et 
al., 2011). The reduced pH makes troponin C less sensitive to Ca2+, which delays the 
appearance of the myosin binding site and, as a result, hampers CM contraction 
(Sanada et al., 2011). 

 
 

 

31 

 
Figure 4.  A schematic of key cellular mechanisms in myocardial ischemia-reperfusion injury 

adopted from (Li et al., 2016) under CC BY-NC-ND license: 
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en. An anaerobic glycolysis in 
ischemia leads to the lowered pH level casing an inhibited myofibrillar contracture. The 
reperfusion renders myofibrillar hypercontracture. 

 
Ischemia alters the ion channel and pump functions, which affects the AP shape of 
the cardiomyocytes (Figure 5A). The surface electrocardiogram can exhibit different 
patterns depending on whether the ischemia affects the entire thickness of the heart 
wall (transmural) or is limited to the subendocardial layer (Figure 5B). Ion channels 
and pumps that depend on ATP hydrolysis are rendered inactive by the lack of ATP 
during ischemia. As a result of a drop in intracellular K+ and a rise in extracellular 
K+ after ischemia, the resting membrane potential of the CM becomes more 
depolarized (less negative). That depolarization further inactivates Na+ channels, 
which cannot then produce the fast upstroke that would normally happen during AP 
phase 0 (Klabunde, 2017). The slower AP upstroke at the cell level directly slows 
down the conduction of the excitation wave at the tissue level, in conjunction with 
ischemia-induced gap junctional uncoupling of cells (De Vuyst et al., 2011; Garcia-
Dorado et al., 2012). At a membrane potential of -55 mV, the rapid sodium (Na+) 
channels undergo inactivation. Nevertheless, APs can still occur as a result of the 

 

30 

2.3 Cellular pathophysiology of ischemia/reperfusion 
 

The most prevalent cardiovascular illness and a significant contributor to morbidity 
and mortality worldwide is IHD (Khan et al., 2020). In IHD, the blood supply to the 
cardiac tissue is diminished or blocked, depriving it of oxygen and nutrients and 
causing the buildup of metabolic waste. On the other side, this impairs heart function 
by causing damage to and/or death of the cardiomyocytes. IHD is most frequently 
caused by coronary artery disease. The coronary arteries that provide blood to the 
heart get clogged with plaque, which causes the arterial lumen to narrow and the 
blood flow to the myocardial to decline. If the plaque ruptures, it may result in an 
abrupt blockage of the artery that completely stops blood flow and causes CM 
mortality unless the blood flow is restored through prompt reperfusion (Ambrose & 
Singh, 2015). Acute IHD events may manifest abruptly, such as in instances of 
plaque rupture, or they may gradually evolve as a chronic state characterized by 
diminished blood supply to the heart, ultimately leading to heart failure (Libby & 
Theroux, 2005). Although prompt reperfusion is essential for salvaging the ischemic 
region, it initially induces additional tissue damage (Hausenloy & Yellon, 2013). 
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Figure 4.  A schematic of key cellular mechanisms in myocardial ischemia-reperfusion injury 

adopted from (Li et al., 2016) under CC BY-NC-ND license: 
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en. An anaerobic glycolysis in 
ischemia leads to the lowered pH level casing an inhibited myofibrillar contracture. The 
reperfusion renders myofibrillar hypercontracture. 
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which cannot then produce the fast upstroke that would normally happen during AP 
phase 0 (Klabunde, 2017). The slower AP upstroke at the cell level directly slows 
down the conduction of the excitation wave at the tissue level, in conjunction with 
ischemia-induced gap junctional uncoupling of cells (De Vuyst et al., 2011; Garcia-
Dorado et al., 2012). At a membrane potential of -55 mV, the rapid sodium (Na+) 
channels undergo inactivation. Nevertheless, APs can still occur as a result of the 
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sluggish inward current of Ca2+ through L-type Ca2+ channels, albeit with a 
significantly slower depolarization rate. Furthermore, alongside the decelerated 
upstroke and decreased negative resting membrane potential during phase 0, the 
repolarization of the cardiac myocyte occurs earlier, leading to a reduction in the 
duration of the AP (as depicted in Figure 5). This is likely due to the activation of 
K+ channels (Klabunde, 2017).  

 

 
Figure 5.  Action potential and ECG profiles change in ischemic condition (created with 

BioRender.com). (A) The upstroke velocity is decreased and resting membrane voltage 
is depolarized in ischemia (red line) in comparison to normal condition (black line). ST 
elevation occurs in transmural ischemia and ST depression is due to subendocardial 
ischemia (B). 

 
As a result of the restoration of blood flow to the heart tissue during reperfusion, 
substrates, oxygen, and a normal extracellular pH are restored, enabling the synthesis 
of ATP by the oxidation of fatty acids (Hausenloy & Yellon, 2013). The depletion 
of H+ from the extracellular milieu results in the establishment of a notable proton 
gradient across the cellular membrane, thereby enhancing the activity of NHE and 
NCX, consequently leading to an elevation in intracellular Ca2+ levels. Consequently, 
the elevation in intracellular Ca2+ levels also stimulates the release of calcium from 
SR, exacerbating the Ca2+ overload. (Wang et al., 2020). Arrhythmias, 
hypercontracture of myofibils, and uncontrolled and persistent contraction of the 
CMs result from increased cytoplasmic Ca2+ and reestablished energy synthesis 
(Garcia-Dorado et al., 2012; Sanada et al., 2011). Reactive oxygen species (ROS), 
which are generated by the reactivated electron transport chain, cause oxidative 
stress and cause mitochondrial permeability transition pores (mPTPs) to open during 
reperfusion (Figure 4). These events also cause pH to return to normal (Turer & 
Hill, 2010). The extra Ca2+ in the cytoplasm can enter the mitochondria when the 
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mPTPs are opened, which lowers the levels of cytoplasmic Ca2+. However, due to 
ROS generated in the mitochondria, its opening further causes oxidative stress 
(Hausenloy & Yellon, 2013). In turn, ROS can cause damage to mitochondrial and 
nuclear DNA. Additionally, although it may not always happen quickly or 
synchronously, the electrical changes in the CM electrophysiology are reversed upon 
reperfusion (Manning & Hearse, 1984). 

Both reversible and irreversible kinds of damage can result from reperfusion in 
CMs. In the absence of enduring scarring, reperfusion has the potential to induce 
arrhythmias, which can be managed through the administration of antiarrhythmic 
drugs and are generally of a temporary nature (Hausenloy & Yellon, 2013). The AP 
heterogeneity at the boundary between previously ischemic and healthy tissue can 
lead to ventricular fibrillations (Manning & Hearse, 1984). Furthermore, Ca2+ release 
from the SR outside of the typical EC coupling cycle might cause DADs (S. Chen & 
Li, 2012). Additionally, capillary damage, external capillary compression from 
swollen cells, and microthrombosis can lead to microvascular obstruction, which is 
the inability to reperfuse the ischemic zone. Infarction-related intramyocardial 
bleeding can happen when there is substantial microvascular blockage. At the end of 
the ischemia phase, CMs that were still viable died as a result of lethal myocardial 
reperfusion injury. According to (Hausenloy & Yellon, 2013), this type of injury can 
account for up to 50% of the total size of the infarction and is brought on by 
oxidative stress, calcium excess, mPTP opening, and CM hypercontractility. 

Myocardial stunning is a form of reversible injury characterized by prolonged 
dysfunction of the heart tissue and myocardial contractile apparatus. This condition 
arises due to intracellular Ca2+ overload and oxidative stress (Hausenloy & Yellon, 
2013). Myocardial stunning occurs during the reperfusion phase following a brief 
ischemic episode, in contrast to myocardial hibernation which occurs during 
ischemia. Unlike infarction or cell death, myocardial stunning is characterized by a 
reduction in cardiac contractility. Myocardial stunning is a pathological state 
characterized by a prolonged recovery period, which can span multiple days. This 
condition arises due to dysregulated energy metabolism, the generation of ROS, 
disturbances in Ca2+ homeostasis, microvascular anomalies, and the accumulation of 
leukocytes in the affected region. Conversely, in cases of ischemic myocardium, 
characterized by a diminished blood supply, the phenomenon of myocardial 
hibernation occurs. The CMs are nonetheless functional despite having decreased 
contractile activity since this lowers the tissue's need for oxygen, which in turn 
protects the CMs (Richard Conti, 1991; Ytrehus, 2006). 
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mPTPs are opened, which lowers the levels of cytoplasmic Ca2+. However, due to 
ROS generated in the mitochondria, its opening further causes oxidative stress 
(Hausenloy & Yellon, 2013). In turn, ROS can cause damage to mitochondrial and 
nuclear DNA. Additionally, although it may not always happen quickly or 
synchronously, the electrical changes in the CM electrophysiology are reversed upon 
reperfusion (Manning & Hearse, 1984). 

Both reversible and irreversible kinds of damage can result from reperfusion in 
CMs. In the absence of enduring scarring, reperfusion has the potential to induce 
arrhythmias, which can be managed through the administration of antiarrhythmic 
drugs and are generally of a temporary nature (Hausenloy & Yellon, 2013). The AP 
heterogeneity at the boundary between previously ischemic and healthy tissue can 
lead to ventricular fibrillations (Manning & Hearse, 1984). Furthermore, Ca2+ release 
from the SR outside of the typical EC coupling cycle might cause DADs (S. Chen & 
Li, 2012). Additionally, capillary damage, external capillary compression from 
swollen cells, and microthrombosis can lead to microvascular obstruction, which is 
the inability to reperfuse the ischemic zone. Infarction-related intramyocardial 
bleeding can happen when there is substantial microvascular blockage. At the end of 
the ischemia phase, CMs that were still viable died as a result of lethal myocardial 
reperfusion injury. According to (Hausenloy & Yellon, 2013), this type of injury can 
account for up to 50% of the total size of the infarction and is brought on by 
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sluggish inward current of Ca2+ through L-type Ca2+ channels, albeit with a 
significantly slower depolarization rate. Furthermore, alongside the decelerated 
upstroke and decreased negative resting membrane potential during phase 0, the 
repolarization of the cardiac myocyte occurs earlier, leading to a reduction in the 
duration of the AP (as depicted in Figure 5). This is likely due to the activation of 
K+ channels (Klabunde, 2017).  
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which are generated by the reactivated electron transport chain, cause oxidative 
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mPTPs are opened, which lowers the levels of cytoplasmic Ca2+. However, due to 
ROS generated in the mitochondria, its opening further causes oxidative stress 
(Hausenloy & Yellon, 2013). In turn, ROS can cause damage to mitochondrial and 
nuclear DNA. Additionally, although it may not always happen quickly or 
synchronously, the electrical changes in the CM electrophysiology are reversed upon 
reperfusion (Manning & Hearse, 1984). 

Both reversible and irreversible kinds of damage can result from reperfusion in 
CMs. In the absence of enduring scarring, reperfusion has the potential to induce 
arrhythmias, which can be managed through the administration of antiarrhythmic 
drugs and are generally of a temporary nature (Hausenloy & Yellon, 2013). The AP 
heterogeneity at the boundary between previously ischemic and healthy tissue can 
lead to ventricular fibrillations (Manning & Hearse, 1984). Furthermore, Ca2+ release 
from the SR outside of the typical EC coupling cycle might cause DADs (S. Chen & 
Li, 2012). Additionally, capillary damage, external capillary compression from 
swollen cells, and microthrombosis can lead to microvascular obstruction, which is 
the inability to reperfuse the ischemic zone. Infarction-related intramyocardial 
bleeding can happen when there is substantial microvascular blockage. At the end of 
the ischemia phase, CMs that were still viable died as a result of lethal myocardial 
reperfusion injury. According to (Hausenloy & Yellon, 2013), this type of injury can 
account for up to 50% of the total size of the infarction and is brought on by 
oxidative stress, calcium excess, mPTP opening, and CM hypercontractility. 

Myocardial stunning is a form of reversible injury characterized by prolonged 
dysfunction of the heart tissue and myocardial contractile apparatus. This condition 
arises due to intracellular Ca2+ overload and oxidative stress (Hausenloy & Yellon, 
2013). Myocardial stunning occurs during the reperfusion phase following a brief 
ischemic episode, in contrast to myocardial hibernation which occurs during 
ischemia. Unlike infarction or cell death, myocardial stunning is characterized by a 
reduction in cardiac contractility. Myocardial stunning is a pathological state 
characterized by a prolonged recovery period, which can span multiple days. This 
condition arises due to dysregulated energy metabolism, the generation of ROS, 
disturbances in Ca2+ homeostasis, microvascular anomalies, and the accumulation of 
leukocytes in the affected region. Conversely, in cases of ischemic myocardium, 
characterized by a diminished blood supply, the phenomenon of myocardial 
hibernation occurs. The CMs are nonetheless functional despite having decreased 
contractile activity since this lowers the tissue's need for oxygen, which in turn 
protects the CMs (Richard Conti, 1991; Ytrehus, 2006). 
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mPTPs are opened, which lowers the levels of cytoplasmic Ca2+. However, due to 
ROS generated in the mitochondria, its opening further causes oxidative stress 
(Hausenloy & Yellon, 2013). In turn, ROS can cause damage to mitochondrial and 
nuclear DNA. Additionally, although it may not always happen quickly or 
synchronously, the electrical changes in the CM electrophysiology are reversed upon 
reperfusion (Manning & Hearse, 1984). 

Both reversible and irreversible kinds of damage can result from reperfusion in 
CMs. In the absence of enduring scarring, reperfusion has the potential to induce 
arrhythmias, which can be managed through the administration of antiarrhythmic 
drugs and are generally of a temporary nature (Hausenloy & Yellon, 2013). The AP 
heterogeneity at the boundary between previously ischemic and healthy tissue can 
lead to ventricular fibrillations (Manning & Hearse, 1984). Furthermore, Ca2+ release 
from the SR outside of the typical EC coupling cycle might cause DADs (S. Chen & 
Li, 2012). Additionally, capillary damage, external capillary compression from 
swollen cells, and microthrombosis can lead to microvascular obstruction, which is 
the inability to reperfuse the ischemic zone. Infarction-related intramyocardial 
bleeding can happen when there is substantial microvascular blockage. At the end of 
the ischemia phase, CMs that were still viable died as a result of lethal myocardial 
reperfusion injury. According to (Hausenloy & Yellon, 2013), this type of injury can 
account for up to 50% of the total size of the infarction and is brought on by 
oxidative stress, calcium excess, mPTP opening, and CM hypercontractility. 

Myocardial stunning is a form of reversible injury characterized by prolonged 
dysfunction of the heart tissue and myocardial contractile apparatus. This condition 
arises due to intracellular Ca2+ overload and oxidative stress (Hausenloy & Yellon, 
2013). Myocardial stunning occurs during the reperfusion phase following a brief 
ischemic episode, in contrast to myocardial hibernation which occurs during 
ischemia. Unlike infarction or cell death, myocardial stunning is characterized by a 
reduction in cardiac contractility. Myocardial stunning is a pathological state 
characterized by a prolonged recovery period, which can span multiple days. This 
condition arises due to dysregulated energy metabolism, the generation of ROS, 
disturbances in Ca2+ homeostasis, microvascular anomalies, and the accumulation of 
leukocytes in the affected region. Conversely, in cases of ischemic myocardium, 
characterized by a diminished blood supply, the phenomenon of myocardial 
hibernation occurs. The CMs are nonetheless functional despite having decreased 
contractile activity since this lowers the tissue's need for oxygen, which in turn 
protects the CMs (Richard Conti, 1991; Ytrehus, 2006). 
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2.4 Human induced pluripotent stem cell-derived cardiomyocytes 
 

The capacity for self-renewal, differentiation into specialized cell types, and 
multicellularity are the characteristics that distinguish stem cells from other types of 
cells. Totipotent stem cells possess the ability to undergo differentiation into various 
cell types, encompassing those found in extraembryonic tissues. Pluripotent stem 
cells possess the capacity to undergo differentiation into cell types representative of 
the three primary embryonic lineages, while lacking the ability to differentiate into 
cell types specific to extraembryonic tissues. Multipotent stem cells possess the 
ability to undergo differentiation into a wide range of specialized cell types within a 
specific tissue, whereas unipotent stem cells are limited to differentiating into a single 
type of cell. Adult stem cells, which are multipotent or unipotent, are present in 
various locations within the body following the completion of embryonic 
development. Embryonic stem cells (ESCs) are a type of stem cell with pluripotent 
capabilities, derived from the inner cell mass of blastocysts (Daley, 2015). In contrast, 
induced pluripotent stem cells (iPSCs) refer to somatic cells that have been forced 
to express transcription factors associated with cellular pluripotency, specifically 
SOX2, OCT4, KLF4, and c-MYC (Takahashi et al., 2007; Takahashi & Yamanaka, 
2006). 

It is possible to create iPSCs from human somatic cells (Takahashi et al., 2007), 
and these cells have a variety of uses, involving tissue engineering, the treatment of 
immunodeficiency diseases, disease modeling, and the development and testing of 
pharmaceuticals (A. S. T. Smith et al., 2017; P. T. Yin et al., 2016) (Figure 6). These 
cells can be cultured in vitro, but to preserve the pluripotency of the cells, the culture 
environment must closely resemble the in vivo stem cell niche. The two most crucial 
tools for achieving this are the cell culture media and culture substrate. The iPSCs 
are normally grown in growth media that contains growth factors and cytokines that 
boost the cells' capacity for self-renewal and pluripotency. Additionally, the cells can 
be grown on feeder cells that help the iPSCs develop and avoid differentiation, e.g., 
from mouse embryonic fibroblasts. On the other hand, an alternative approach to 
feeder-dependent culture involves the utilization of extracellular protein matrices 
such as Matrigel, fibronectin, or laminin, which do not require the presence of feeder 
cells (van der Sanden et al., 2010). The cultivation of iPSCs in xeno-free 
environments is of utmost importance for therapeutic and translational applications, 
necessitating the use of culture components that are either derived from humans or 
artificially synthesized (Kaur et al., 2013). 
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Figure 6. Different aspects of iPSC applications adopted from (Tanaka et al., 2015) under CC 

BY 4.0 license: https://creativecommons.org/licenses/by/4.0/. Pluripotent cells, commonly 
referred to as induced pluripotent stem cells (iPSCs), are generated through the 
reprogramming of somatic cells obtained from individuals with genetic disorders. This 
reprogramming process involves the induction of specific transcription factors. 
Subsequently, gene targeting methodologies are employed to discern cells that are 
pertinent to the disease or have undergone mutation correction from iPSCs. The utilization 
of purified and expanded cells holds potential for application in cellular transplantation 
procedures. In contrast, differentiated cells have the potential to be utilized in vitro for 
various purposes, including disease modeling and drug testing. Various experimental 
methods are employed to characterize cellular phenotypes in disease modeling, offering 
potential insights into the underlying disease mechanisms and potential avenues for 
therapeutic intervention. The assessment of drug efficacy and toxicity for candidate 
chemical compounds can be conducted by examining cellular characteristics. The 
utilization of pluripotent stem cell systems, specifically iPSCs, holds significant potential 
as a valuable platform for personalized medicine and the facilitation of efficient drug 
discovery. This potential collaboration between PSC systems, such as PS-iPSCs, and the 
pharmaceutical industry could prove to be advantageous in the future. MEA stands for 
multi-electrode array. 

 
HiPSC-CMs exhibit distinct dissimilarities when compared to adult CMs, 
encompassing disparities in both morphology and physiological performance. Adult 
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feeder-dependent culture involves the utilization of extracellular protein matrices 
such as Matrigel, fibronectin, or laminin, which do not require the presence of feeder 
cells (van der Sanden et al., 2010). The cultivation of iPSCs in xeno-free 
environments is of utmost importance for therapeutic and translational applications, 
necessitating the use of culture components that are either derived from humans or 
artificially synthesized (Kaur et al., 2013). 
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Figure 6. Different aspects of iPSC applications adopted from (Tanaka et al., 2015) under CC 

BY 4.0 license: https://creativecommons.org/licenses/by/4.0/. Pluripotent cells, commonly 
referred to as induced pluripotent stem cells (iPSCs), are generated through the 
reprogramming of somatic cells obtained from individuals with genetic disorders. This 
reprogramming process involves the induction of specific transcription factors. 
Subsequently, gene targeting methodologies are employed to discern cells that are 
pertinent to the disease or have undergone mutation correction from iPSCs. The utilization 
of purified and expanded cells holds potential for application in cellular transplantation 
procedures. In contrast, differentiated cells have the potential to be utilized in vitro for 
various purposes, including disease modeling and drug testing. Various experimental 
methods are employed to characterize cellular phenotypes in disease modeling, offering 
potential insights into the underlying disease mechanisms and potential avenues for 
therapeutic intervention. The assessment of drug efficacy and toxicity for candidate 
chemical compounds can be conducted by examining cellular characteristics. The 
utilization of pluripotent stem cell systems, specifically iPSCs, holds significant potential 
as a valuable platform for personalized medicine and the facilitation of efficient drug 
discovery. This potential collaboration between PSC systems, such as PS-iPSCs, and the 
pharmaceutical industry could prove to be advantageous in the future. MEA stands for 
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2.4 Human induced pluripotent stem cell-derived cardiomyocytes 
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CMs exhibit a rod-like morphology, characterized by organized sarcomeres and a 
highly developed system of T-tubules and SR. In contrast, hiPSC-CMs exhibit a 
smaller and more spherical morphology, characterized by shortened and 
disorganized sarcomeres, an underdeveloped SR, and a lack of a well-defined 
longitudinal axis and T-tubules (Ahmed et al., 2020). The underdeveloped SR and 
absence of T-tubules, combined with inadequate expression of crucial proteins that 
regulate CICR, contribute to the slower EC coupling observed in hiPSC-CMs 
compared to adult CMs (Veerman et al., 2015). Adult CMs only beat when 
stimulated, whereas hiPSC-CMs beat spontaneously. Furthermore, hiPSC-CMs 
exhibit significantly reduced contractile force, as well as slower conduction and 
upstroke velocities. Additionally, the morphological characteristics of their APs 
exhibit a wide range of variations, which can be categorized into atrial, nodal, or 
ventricular types (Karakikes et al., 2015). In addition, it should be noted that while 
hiPSC-CMs exhibit a functional pacemaker current, the current density alone is 
inadequate for the initiation of spontaneous APs and contractions. Instead, the 
spontaneous activity observed in hiPSC-CMs resembles that of nodal cells within 
the SA node, and it relies on the involvement of ryanodine and inositol-1,4,5 
trisphosphate receptors. These receptors facilitate the spontaneous release of Ca2+ 
from the SR. The subsequent increase in intracellular Ca2+ concentration initiates a 
depolarizing current through NCX. This current, in conjunction with If, then elicits 
an AP (Koivumäki et al., 2018). 

Due to the significant need for ATP and energy for healthy heart function, adult 
CMs have a high metabolic activity. As a result, adult CMs primarily produce energy 
through the oxidation of FAs, which is a reliable and efficient pathway for the 
synthesis of ATP. HiPSC-CM metabolism is more similar to that of fetal CM, which 
generates ATP mostly by the glycolysis of glucose (Ahmed et al., 2020; Hu et al., 
2018; Ulmer & Eschenhagen, 2020). Adult CMs exhibit an increased abundance of 
mitochondria, along with a more compacted cristae network and tubular network. 
Subsarcolemmal mitochondria are located in close proximity to the sarcolemma, 
serving as a vital source of energy for facilitating the transportation of electrolytes 
and metabolites. In contrast, interfibrillar mitochondria traverse the SR and align 
themselves with sarcomeres, thereby providing ATP for the uptake of Ca2+ by the 
SR and the contractile system. In both fetal and hiPSC-CMs, the majority of 
mitochondria are located near the nucleus, exhibiting a reduced number of cristae 
and a less extensive tubular network (Ulmer & Eschenhagen, 2020). 
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2.5 Computational frameworks of hiPSC-CMs 
 

In recent years, the significance of computational modeling in cardiac cell 
electrophysiology has grown in importance, allowing for a better understanding of 
CM function. This, together with increasing computer processing capacity, 
prompted the development of a wide range of mathematical models representing in 
silico versions of nearly all in vitro models utilized in experimental practice. As models 
of adult hV-CMs inadequately recapitulate the hiPSC-CM electromechanics and 
according to the reasons given in the first chapter, there have been efforts to develop 
new mathematical frameworks to capture the hiPSC-CMs (patho)physiology. 
However, mathematical models of adult hV-CMs (Grandi et al., 2009; ten Tusscher 
& Panfilov, 2006) provided the basis for the first computational models of hiPSC-
CMs, for example, voltage-dependent time constants in ICaL formulation in (Paci et 
al., 2013). In this section, the evolution of cell-level 0D mathematical models of 
hiPSC-CMs based on ODEs is addressed. The review of computational models of 
adult hV-CMs has been thoroughly detailed elsewhere (Niederer et al., 2019; Zile & 
Trayanova, 2018) and resides out of the scope of this thesis. In general, these 0D 
models follow the classic Hodgkin-Huxley framework modeling the membrane 
potential as: 
  

{
 
 

 
 𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑉𝑉𝑉𝑉, 𝒈𝒈𝒈𝒈, 𝒄𝒄𝒄𝒄) = 𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝒈𝒈𝒈𝒈
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𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐿𝐿𝐿𝐿(𝑉𝑉𝑉𝑉, 𝒈𝒈𝒈𝒈, 𝒄𝒄𝒄𝒄)

𝑉𝑉𝑉𝑉(0) = 𝑣𝑣𝑣𝑣0, 𝒈𝒈𝒈𝒈(0) = 𝑔𝑔𝑔𝑔0, 𝒄𝒄𝒄𝒄(0) = 𝑐𝑐𝑐𝑐0

  (2.1) 

 
Where, V is the membrane potential, C is the membrane capacitance, g is the vector 
of gating variables, c denotes the vector of ion concentration variables, G is the 
general gating variable equation, L represents the general ionic concentration 
dynamic equation, and Iapd denotes an applied stimulus current. 

There are several types of ionic models: (i) phenomenological models, which are 
designed to replicate the overall behavior of the cell in relation to V; (ii) first 
generation models, which aim to replicate the macroscopic behavior and physiology 
of the cell by incorporating the most significant ionic currents; and (iii) second 
generation models, which offer an intricate depiction of the cell's behavior by 
providing a highly detailed description. The cardiac physiology modeling can also be 
categorized under static and dynamic (virtual live cells) approaches. In the former 
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2.5 Computational frameworks of hiPSC-CMs 
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new mathematical frameworks to capture the hiPSC-CMs (patho)physiology. 
However, mathematical models of adult hV-CMs (Grandi et al., 2009; ten Tusscher 
& Panfilov, 2006) provided the basis for the first computational models of hiPSC-
CMs, for example, voltage-dependent time constants in ICaL formulation in (Paci et 
al., 2013). In this section, the evolution of cell-level 0D mathematical models of 
hiPSC-CMs based on ODEs is addressed. The review of computational models of 
adult hV-CMs has been thoroughly detailed elsewhere (Niederer et al., 2019; Zile & 
Trayanova, 2018) and resides out of the scope of this thesis. In general, these 0D 
models follow the classic Hodgkin-Huxley framework modeling the membrane 
potential as: 
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 𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑉𝑉𝑉𝑉, 𝒈𝒈𝒈𝒈, 𝒄𝒄𝒄𝒄) = 𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝒈𝒈𝒈𝒈
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐺𝐺𝐺𝐺(𝑉𝑉𝑉𝑉, 𝒈𝒈𝒈𝒈)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐿𝐿𝐿𝐿(𝑉𝑉𝑉𝑉, 𝒈𝒈𝒈𝒈, 𝒄𝒄𝒄𝒄)

𝑉𝑉𝑉𝑉(0) = 𝑣𝑣𝑣𝑣0, 𝒈𝒈𝒈𝒈(0) = 𝑔𝑔𝑔𝑔0, 𝒄𝒄𝒄𝒄(0) = 𝑐𝑐𝑐𝑐0

  (2.1) 

 
Where, V is the membrane potential, C is the membrane capacitance, g is the vector 
of gating variables, c denotes the vector of ion concentration variables, G is the 
general gating variable equation, L represents the general ionic concentration 
dynamic equation, and Iapd denotes an applied stimulus current. 

There are several types of ionic models: (i) phenomenological models, which are 
designed to replicate the overall behavior of the cell in relation to V; (ii) first 
generation models, which aim to replicate the macroscopic behavior and physiology 
of the cell by incorporating the most significant ionic currents; and (iii) second 
generation models, which offer an intricate depiction of the cell's behavior by 
providing a highly detailed description. The cardiac physiology modeling can also be 
categorized under static and dynamic (virtual live cells) approaches. In the former 
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approach, the ion concentrations do not vary, and the virtual cell is considered always 
in a constant homeostatic. However, the latter approach (dynamic/live approach) 
the intracellular concentrations are variables and ion dynamics are required to 
generate AP. The models reviewed in the subsequent sections are all 2nd generation 
and dynamic. 
 
2.5.1 Paci lineage: dawn of hiPSC-CMs in silico models 

 
Starting from the hV-CM model by (ten Tusscher & Panfilov, 2006), Paci et al. (Paci 
et al., 2013) developed the first in silico model of hiPSC-CMs electrophysiology in 
2013 based on hiPSC-CMs experimental electrophysiology data available (Ma et al., 
2011). The first version of Paci model lineage, Paci2013, considered both atrial-like 
and ventricular-like phenotypes of hiPSC-CMs observed in hiPSC-CMs EHTs. In 
Paci2013 model, for each of the ionic currents, shown in Figure 7, first a basic 
literature-based data fitting was done to simulate the voltage-clamp protocol used in 
vitro. As the recordings were obtained from a combination of atrial-, and ventricular-
like hiPSC-CMs, the basic fitting parameters rescaled to account for the phenotypical 
differences influencing the voltage-clamp outputs. Of note, the key modeling 
threshold adopted to distinguish between atrial-like and ventricular-like phenotypes 
was rappAPD, defined below, as an AP shape factor: 
 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴30−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴40𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴70−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴90
 (2.2) 

 
Where APD30, APD40, APD70, and APD90 denote AP duration at 30%, 40%, 70%, 
and 90% of repolarization, respectively. This modeling approach changed in the later 
evolved versions, Paci2018 (Paci et al., 2018) and Paci2020 (Paci et al., 2020), which 
only focused on the ventricular-like AP phenotype inspired by the fact that the atrial-
like and node-like AP phenotypes had been rarely observed in the dense syncytia of 
new commercial hiPSC-CMs cell lines (iCell2) (Paci et al., 2020). This modeling 
adaptation was also acknowledged in the other mathematical models of hiPSC-CMs, 
namely, by Koivumäki et al. and Kernik et al. (Kernik et al., 2019; Koivumäki et al., 
2018). 

The conventional initial stage involves utilizing a revised iteration of prior models 
of adult human CMs, which adhere to the classical second-generation formulation 
as outlined in Equation 2.1. This formulation characterizes the membrane potential 
through the utilization of the generalized Cauchy problem. The evolution of Paci 
models mostly contributed to ionic equations, comprising an improved calcium 
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dynamic formulation, updating the late Na current INaL model, the Na+ contribution 
to the funny current If, reformulated release current from RyR channels (Irel) thus 
enabling the simulation of DADs in Paci2018 model. Paci2018 model also benefited 
from a new parameter optimization based on a search for a minimum technique 
using Nelder-Mead Simplex algorithm given in (Fabbri et al., 2017). Briefly, the cost 
function method in Fabri et al. would result in zero cost if the evaluated biomarker 
sit within the experimental average value ±SD, otherwise, it is increased linearly (Paci 
et al., 2018). Finally, in Paci2018, new Ca2+ recording in vitro data from the heart 
group of BioMediTech unit of faculty of medicine and health technology of Tampere 
University, was added to the pool of previous hiPSC-CMs data used before for 
calibration of Paci2013 model (Paci et al., 2013). 

In Paci2020 model (Paci et al., 2020), the enhancement of the AP automaticity 
was one of the main improvements compared to the previous versions. 
Furthermore, the inability of Paci2018 in simulating the termination of the 
spontaneous activity due to an INCX strong blockade, observed in earlier in vitro 
investigations, was a limitation resolved in Paci2020 model. The authors identified 
the large window in the fast Na+ current of Paci2018 as the responsible factor for 
maintaining the automaticity when the cell is subject to significant INCX inhibition. 
Other important updates in Paci2020 model of hiPSC-CMs electrophysiology 
included updating the INa and If by adopting the equations from Koivumäki2018 
model (Koivumäki et al., 2018). The improvements resulted in the activation of the 
spontaneous beating by If and SR Ca2+ sequentially contributing to AP 
depolarization through INCX. 

As the models are developed based on a system of ODEs, in a time-evolution 
manner, the models reach a steady-state from generic initial values obtained either 
by data fittings, calibrations, experimental data in the literature, or model 
optimizations (Paci 2013, 2018, 2020). Figure 7 illustrates the schematics of Paci 
latest model, Paci2020, in which the components that have been improved overtime 
are in red. 
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approach, the ion concentrations do not vary, and the virtual cell is considered always 
in a constant homeostatic. However, the latter approach (dynamic/live approach) 
the intracellular concentrations are variables and ion dynamics are required to 
generate AP. The models reviewed in the subsequent sections are all 2nd generation 
and dynamic. 
 
2.5.1 Paci lineage: dawn of hiPSC-CMs in silico models 

 
Starting from the hV-CM model by (ten Tusscher & Panfilov, 2006), Paci et al. (Paci 
et al., 2013) developed the first in silico model of hiPSC-CMs electrophysiology in 
2013 based on hiPSC-CMs experimental electrophysiology data available (Ma et al., 
2011). The first version of Paci model lineage, Paci2013, considered both atrial-like 
and ventricular-like phenotypes of hiPSC-CMs observed in hiPSC-CMs EHTs. In 
Paci2013 model, for each of the ionic currents, shown in Figure 7, first a basic 
literature-based data fitting was done to simulate the voltage-clamp protocol used in 
vitro. As the recordings were obtained from a combination of atrial-, and ventricular-
like hiPSC-CMs, the basic fitting parameters rescaled to account for the phenotypical 
differences influencing the voltage-clamp outputs. Of note, the key modeling 
threshold adopted to distinguish between atrial-like and ventricular-like phenotypes 
was rappAPD, defined below, as an AP shape factor: 
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adaptation was also acknowledged in the other mathematical models of hiPSC-CMs, 
namely, by Koivumäki et al. and Kernik et al. (Kernik et al., 2019; Koivumäki et al., 
2018). 

The conventional initial stage involves utilizing a revised iteration of prior models 
of adult human CMs, which adhere to the classical second-generation formulation 
as outlined in Equation 2.1. This formulation characterizes the membrane potential 
through the utilization of the generalized Cauchy problem. The evolution of Paci 
models mostly contributed to ionic equations, comprising an improved calcium 
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dynamic formulation, updating the late Na current INaL model, the Na+ contribution 
to the funny current If, reformulated release current from RyR channels (Irel) thus 
enabling the simulation of DADs in Paci2018 model. Paci2018 model also benefited 
from a new parameter optimization based on a search for a minimum technique 
using Nelder-Mead Simplex algorithm given in (Fabbri et al., 2017). Briefly, the cost 
function method in Fabri et al. would result in zero cost if the evaluated biomarker 
sit within the experimental average value ±SD, otherwise, it is increased linearly (Paci 
et al., 2018). Finally, in Paci2018, new Ca2+ recording in vitro data from the heart 
group of BioMediTech unit of faculty of medicine and health technology of Tampere 
University, was added to the pool of previous hiPSC-CMs data used before for 
calibration of Paci2013 model (Paci et al., 2013). 

In Paci2020 model (Paci et al., 2020), the enhancement of the AP automaticity 
was one of the main improvements compared to the previous versions. 
Furthermore, the inability of Paci2018 in simulating the termination of the 
spontaneous activity due to an INCX strong blockade, observed in earlier in vitro 
investigations, was a limitation resolved in Paci2020 model. The authors identified 
the large window in the fast Na+ current of Paci2018 as the responsible factor for 
maintaining the automaticity when the cell is subject to significant INCX inhibition. 
Other important updates in Paci2020 model of hiPSC-CMs electrophysiology 
included updating the INa and If by adopting the equations from Koivumäki2018 
model (Koivumäki et al., 2018). The improvements resulted in the activation of the 
spontaneous beating by If and SR Ca2+ sequentially contributing to AP 
depolarization through INCX. 

As the models are developed based on a system of ODEs, in a time-evolution 
manner, the models reach a steady-state from generic initial values obtained either 
by data fittings, calibrations, experimental data in the literature, or model 
optimizations (Paci 2013, 2018, 2020). Figure 7 illustrates the schematics of Paci 
latest model, Paci2020, in which the components that have been improved overtime 
are in red. 
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approach, the ion concentrations do not vary, and the virtual cell is considered always 
in a constant homeostatic. However, the latter approach (dynamic/live approach) 
the intracellular concentrations are variables and ion dynamics are required to 
generate AP. The models reviewed in the subsequent sections are all 2nd generation 
and dynamic. 
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and ventricular-like phenotypes of hiPSC-CMs observed in hiPSC-CMs EHTs. In 
Paci2013 model, for each of the ionic currents, shown in Figure 7, first a basic 
literature-based data fitting was done to simulate the voltage-clamp protocol used in 
vitro. As the recordings were obtained from a combination of atrial-, and ventricular-
like hiPSC-CMs, the basic fitting parameters rescaled to account for the phenotypical 
differences influencing the voltage-clamp outputs. Of note, the key modeling 
threshold adopted to distinguish between atrial-like and ventricular-like phenotypes 
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dynamic formulation, updating the late Na current INaL model, the Na+ contribution 
to the funny current If, reformulated release current from RyR channels (Irel) thus 
enabling the simulation of DADs in Paci2018 model. Paci2018 model also benefited 
from a new parameter optimization based on a search for a minimum technique 
using Nelder-Mead Simplex algorithm given in (Fabbri et al., 2017). Briefly, the cost 
function method in Fabri et al. would result in zero cost if the evaluated biomarker 
sit within the experimental average value ±SD, otherwise, it is increased linearly (Paci 
et al., 2018). Finally, in Paci2018, new Ca2+ recording in vitro data from the heart 
group of BioMediTech unit of faculty of medicine and health technology of Tampere 
University, was added to the pool of previous hiPSC-CMs data used before for 
calibration of Paci2013 model (Paci et al., 2013). 

In Paci2020 model (Paci et al., 2020), the enhancement of the AP automaticity 
was one of the main improvements compared to the previous versions. 
Furthermore, the inability of Paci2018 in simulating the termination of the 
spontaneous activity due to an INCX strong blockade, observed in earlier in vitro 
investigations, was a limitation resolved in Paci2020 model. The authors identified 
the large window in the fast Na+ current of Paci2018 as the responsible factor for 
maintaining the automaticity when the cell is subject to significant INCX inhibition. 
Other important updates in Paci2020 model of hiPSC-CMs electrophysiology 
included updating the INa and If by adopting the equations from Koivumäki2018 
model (Koivumäki et al., 2018). The improvements resulted in the activation of the 
spontaneous beating by If and SR Ca2+ sequentially contributing to AP 
depolarization through INCX. 

As the models are developed based on a system of ODEs, in a time-evolution 
manner, the models reach a steady-state from generic initial values obtained either 
by data fittings, calibrations, experimental data in the literature, or model 
optimizations (Paci 2013, 2018, 2020). Figure 7 illustrates the schematics of Paci 
latest model, Paci2020, in which the components that have been improved overtime 
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dynamic formulation, updating the late Na current INaL model, the Na+ contribution 
to the funny current If, reformulated release current from RyR channels (Irel) thus 
enabling the simulation of DADs in Paci2018 model. Paci2018 model also benefited 
from a new parameter optimization based on a search for a minimum technique 
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function method in Fabri et al. would result in zero cost if the evaluated biomarker 
sit within the experimental average value ±SD, otherwise, it is increased linearly (Paci 
et al., 2018). Finally, in Paci2018, new Ca2+ recording in vitro data from the heart 
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University, was added to the pool of previous hiPSC-CMs data used before for 
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was one of the main improvements compared to the previous versions. 
Furthermore, the inability of Paci2018 in simulating the termination of the 
spontaneous activity due to an INCX strong blockade, observed in earlier in vitro 
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the large window in the fast Na+ current of Paci2018 as the responsible factor for 
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Figure 7. Schematics of the first 0D computational model of hiPSC-CMs, Paci et al. lineage, 

addressing only the electrophysiology of the cell adopted form (Botti, Sofia, 2022) 
with permission. The red components denote the key evolved formulations since 
Paci2013 model (Paci et al., 2013). 

 
 

2.5.2 Koivumäki model: the structural immaturity 
 

The second generation of computational models of ventricular hiPSC-CMs 
electrophysiology was introduced by Koivumäki et al., in 2018 (Koivumäki et al., 
2018). The model was developed based on Paci2013 (Paci et al., 2013), integrating a 
novel cell geometrical structure accounting for the heterogeneous Ca2+ dynamics. 
Specifically, Koivumäki2018 model could capture the spontaneous SR Ca2+ release in 
hiPSC-CM which were not addressed in the previous in silico models at the time (Paci 
et al., 2013, 2015). As the red components in Figure 8 also denote, the three main 
updates of Koivumäki2018 model with respect to Paci2013 (Paci et al., 2013) and 
Paci2015 (Paci et al., 2015) models can be summarized as:  

• An improved INa formulation adopted from (Skibsbye et al., 2016) and 
calibrated regarding hiPSC-CMs in vitro data of (Ma et al., 2011); 

• A new ICaL formulation from (Koivumäki et al., 2014) was adopted to 
optimize the fitting to the in vitro hiPSC-CMs recordings presented in 
(Koivumäki et al., 2018); 

• The calibration of the activation component of If in order to reach an 
accurate consistency with the in vitro data by (Sartiani et al., 2007). 
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Figure 8. Schematics of Koivumäki2018 computational model of hiPSC-CMs 

electrophysiology adopted form (Botti, Sofia, 2022) with permission. The red 
components denote the updated formulations with respect to Paci2013 model. 

 
Equipped with a refined subcellular Ca2+ formulations, Koivumäki2018 model 
focused on the structural immaturity of hiPSC-CMs and by comparison with a hV-
CMs computational model (Grandi et al., 2010) provided insights into the 
translational challenges of hiPSC-CMs investigations. Specifically, Koivumäki et al. 
reported that hiPSC-CMs show poor translation of the pathological phenotypical 
characteristics associated with Brugada syndrome and catecholaminergic 
polymorphic ventricular tachycardia (Koivumäki et al., 2018). Furthermore, based 
on a sensitivity test, they reported that in spite of sharing some properties with hV-
CMs, hiPSC-CMs are functionally categorized closer to prenatal CMs. Finally, 
Koivumäki et al. concluded that the translational power of hiPSC-CM is mostly 
challenged by the immature cytosolic Ca2+ handling and advancing the mathematical 
platforms are vital in increasing our understanding of the optimizing the translational 
capability of hiPSC-CMs (Koivumäki et al., 2018). 
 
 
2.5.3 Kernik model: phenotypic variability 

 
Kernik and colleagues in 2019 introduced a whole-cell computational model of 
hiPSC-CMs taking into account interlab variability of hiPSC-CMs in vitro data by 
developing population of models and novel parametrizations to fit the experimental 
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hiPSC-CM which were not addressed in the previous in silico models at the time (Paci 
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updates of Koivumäki2018 model with respect to Paci2013 (Paci et al., 2013) and 
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• A new ICaL formulation from (Koivumäki et al., 2014) was adopted to 
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• The calibration of the activation component of If in order to reach an 
accurate consistency with the in vitro data by (Sartiani et al., 2007). 
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Equipped with a refined subcellular Ca2+ formulations, Koivumäki2018 model 
focused on the structural immaturity of hiPSC-CMs and by comparison with a hV-
CMs computational model (Grandi et al., 2010) provided insights into the 
translational challenges of hiPSC-CMs investigations. Specifically, Koivumäki et al. 
reported that hiPSC-CMs show poor translation of the pathological phenotypical 
characteristics associated with Brugada syndrome and catecholaminergic 
polymorphic ventricular tachycardia (Koivumäki et al., 2018). Furthermore, based 
on a sensitivity test, they reported that in spite of sharing some properties with hV-
CMs, hiPSC-CMs are functionally categorized closer to prenatal CMs. Finally, 
Koivumäki et al. concluded that the translational power of hiPSC-CM is mostly 
challenged by the immature cytosolic Ca2+ handling and advancing the mathematical 
platforms are vital in increasing our understanding of the optimizing the translational 
capability of hiPSC-CMs (Koivumäki et al., 2018). 
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readouts (Kernik et al., 2019). Kernik2019 model construction follows H-H 
formalism based on Eq. 1.13 (Cauchy generalization) and considers the time rate of 
membrane potential equal to sum of transmembrane and stimulation currents 
(Kernik et al., 2019). The schematics of the model components and an example 
current formulation is given in Figure 9. Kernik2019 model offers reformulations of 
ICaL, INa, IKs, IKr, Ito, IK1, and If, based on H-H formalism where a single exponential 
rate is optimized to fit in vitro data of hiPSC-CMs. Other currents were adopted from 
works of (Maltsev & Lakatta, 2009; Shannon et al., 2004; ten Tusscher et al., 2004) 
and calibrated to fit the experimental readouts. Notably, the Kernik2019 model 
captures the CICR phenomenon in hiPSC-CMs which is comparable to 
Koivumäki2018 model.  

Finally, the optimization procedure of Kernik2019 model consisted of a stepwise 
process of building the ionic current framework and a subsequent whole-cell level 
optimizations (Kernik et al., 2019). The optimization included evaluation of AP 
morphology biomarkers, namely, MDP, dV/dtmax, APD90, and AP amplitude 
(Kernik et al., 2019). In summary, the discrepancy between the voltage-dependent 
characteristics of a specific gate's steady-state and time constants, as predicted by the 
model and observed experimentally, was reduced by performing a parameter 
optimization for each current. Optimizing other maximal conductances and rates 
involved examining every current, then considering the morphology markers for AP 
and CaT as described in (Kernik et al., 2019). This study aimed to explore the 
subcellular phenotypic mechanisms in hiPSC-CMs and establish a connection 
between the molecular mechanisms and cellular readouts through discovering 
unique set of model parameters related to reported hiPSC-CMs phenotypes. 
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Figure 9. Schematics of Kernik2019 computational model of hiPSC-CMs electrophysiology 
adopted form (Kernik et al., 2019) under CC BY-NC license: 
https://creativecommons.org/licenses/by-nc/4.0/. The red stars denote the reformulated 
currents based on exponential voltage-dependent rate constants. On the right panel, the 
underlying equations of INa model are given. Of note, this example formulation also 
represents the gating variable modeling adopted in all the starred currents (Kernik et al., 
2019). 

 
 

2.5.4 A comparative review of the models 
 

In 2021, Paci et al. reported a comparative study on the three main computational 
models of hiPSC-CMs electrophysiology i.e., Paci2020, Koivumäki2018, and 
Kernik2019 which all were parametrized on hiPSC-CM in vitro data (Paci, Koivumäki, 
et al., 2021). Paci et al., gave an overview of the modeling paradigm for each 
component of the cell based on the formulation used (Table 1). Furthermore, the 
models show their differences in recapitulating hiPSC-CMs transmembrane 
currents, APs, and fluxes (Figure 11). 
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Table 1. The formulation paradigm of the currents and fluxes in Kernik2019, 
Koivumäki2018, and Paci2020 models. HH denotes Hodgkin and Huxley, HH, R represents 
resistive Hodgkin and Huxley current/flux, HH, GHK indicates Hodgkin and Huxley with gates 
incorporating Goldman-Hodgkin-Katz driving force, M denotes Markov, and TT means 
adoption from ten Tusscher model. Refs: 1(Shannon et al., 2004), 2(Keizer & Levine, 1996), 
3(Sneyd & Dufour, 2002). 
 

Currents Kernik2019 Koivumäki2018 Paci2020 
Sarcolemmal    
INa HH HH HH 
INaL - - HH 
If HH HH HH 
ICaL Ca2+ HH, GHK HH HH, GHK 
ICaL Na+ HH, GHK - - 
ICaL K+ HH, GHK - - 
ICaT HH, GHK - - 
IKr HH HH HH 
IKs HH HH HH 
IK1 HH HH HH 
Ito HH HH HH 
INCX TT TT TT 
INaK TT TT TT 
IpCa TT TT TT 
IbNa HH, R HH, R HH, R 
IbCa HH, R HH, R HH, R 
SR    
JRyR M1 M2 HH, R 
JSERCA TT TT TT 
Jleak HH, R HH, R HH, R 
JIP3 M3 - - 
Compartments 2 61 2 
ODE # 23 26 23 
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Figure 11. The steady-state membrane potentials and currents of Paci2020, Kernik2019, and 

Koivumäki2018 models adopted form (Paci, Koivumäki, et al., 2021) under CC BY 
license: https://creativecommons.org/licenses/by/4.0/.  Kernik2019 simulates the highest 
INa, ICaL, Ito, IKr and IKs, and the smallest IK1. Paci2020 and Koivumäki2018 demonstrate a 
striking resemblance in the INCX shape. This similarity arises from the shared characteristic 
of both models wherein the automaticity is sustained by the pre-upstroke inward 
component of INCX, albeit to a lesser extent in the case of Paci2020. The Kernik2019 study 
lacks the inclusion of the pre-upstroke inward component of the INCX. 

 
In short, the models were evaluated in response to a number of compounds, specially 
through quantification of CaT duration at 90% of the initial base value (CTD90) and 
the frequency of occurrence of arrhythmic events. In addition, the sensitivity of each 
model to varying degrees of INa, ICaL, and IKr current blockage was subsequently 
assessed. Finally, the impacts of drug-induced effects on CTD90 were compared 
with the findings obtained from in vitro experiments. 
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INCX TT TT TT 
INaK TT TT TT 
IpCa TT TT TT 
IbNa HH, R HH, R HH, R 
IbCa HH, R HH, R HH, R 
SR    
JRyR M1 M2 HH, R 
JSERCA TT TT TT 
Jleak HH, R HH, R HH, R 
JIP3 M3 - - 
Compartments 2 61 2 
ODE # 23 26 23 
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Figure 11. The steady-state membrane potentials and currents of Paci2020, Kernik2019, and 

Koivumäki2018 models adopted form (Paci, Koivumäki, et al., 2021) under CC BY 
license: https://creativecommons.org/licenses/by/4.0/.  Kernik2019 simulates the highest 
INa, ICaL, Ito, IKr and IKs, and the smallest IK1. Paci2020 and Koivumäki2018 demonstrate a 
striking resemblance in the INCX shape. This similarity arises from the shared characteristic 
of both models wherein the automaticity is sustained by the pre-upstroke inward 
component of INCX, albeit to a lesser extent in the case of Paci2020. The Kernik2019 study 
lacks the inclusion of the pre-upstroke inward component of the INCX. 

 
In short, the models were evaluated in response to a number of compounds, specially 
through quantification of CaT duration at 90% of the initial base value (CTD90) and 
the frequency of occurrence of arrhythmic events. In addition, the sensitivity of each 
model to varying degrees of INa, ICaL, and IKr current blockage was subsequently 
assessed. Finally, the impacts of drug-induced effects on CTD90 were compared 
with the findings obtained from in vitro experiments. 
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The observed changes in CTD90 were generally consistent among the in silico 
models, with all three models showing smaller magnitude changes compared to the 
in vitro measurements. Sparfloxacin at a concentration of 10 M was found to induce 
a 42% prolongation of CTD90 in vitro. Additionally, in silico models Koivumäki2018, 
Kernik2019, and Paci2020 reported increases of 17%, 6%, and 9% respectively. After 
the administration of drugs, a range of arrhythmic events were observed, particularly 
for drugs that have an impact on IKr. Paci2020 and Kernik2019 models exclusively 
demonstrated repolarization failure. In contrast, Koivumäki2018 exhibited both 
EADs and DADs. Koivumäki2018 and Paci2020 demonstrated that the utilization of 
Na+ blockers and pharmacological agents that exhibit comparable effects on ICaL and 
IKr effectively inhibited spontaneous activity, whereas only strong ICaL blockers, such 
as nisoldipine, suppressed spontaneous activity in Kernik2019. The sensitivity 
analysis confirmed these findings. 

On a computational note, the structural differences between the three models 
also were mirrored in their running times. Paci2020 and Kernik2019 were faster due 
to their simpler structure and compartmentalization (210 s simulations taking 22 s). 
Koivumäki2018, on the other hand, is more than 100 times slower due to its higher 
complexity (210 s simulations taking 2,331 s). Matlab 2017b was used to run these 
benchmark simulations on a computer (i7 @2.80 GHz and 32 GB memory). 

On the whole, all the key computer whole-cell models of hiPSC-CMs had 
addressed only the electrophysiology. This also has been the dominating focus in 
computational models of adult hV-CMs (Bartolucci et al., 2020; Grandi et al., 2010; 
Kernik et al., 2019; O’Hara et al., 2011; ten Tusscher & Panfilov, 2006; Tomek et al., 
2019). The phenomenon of myofilament contraction is observed in certain non-
human multi-scale mathematical models, specifically those pertaining to the mouse 
and rat (Campbell et al., 2010; Land et al., 2013; Land & Niederer, 2015; Rice et al., 
2008; Sheikh et al., 2012). Using such models allow linking the changes in 
intracellular properties to overall organ mechanical outcomes. Efforts have been 
made to develop human biophysical models that can accurately represent tension 
production and be integrated into a comprehensive framework for studying whole 
organ contraction. These models aim to incorporate the mechanical properties of 
cardiomyocytes (Land et al., 2017). In addition, some models of hV-CM 
electromechanics simulating active tensions and sarcomere dynamics were 
introduced (Margara et al., 2020; Margara, Wang, et al., 2021). Nevertheless, there 
was a dearth of biophysical models that encompassed the entirety of hiPSC-CM 
electromechanics and had the capability to accurately forecast active tension, cell 
shortening, and the inotropic impact of non-cardiomyocytes (Iseoka et al., 2018). 
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3 AIMS OF THE STUDY 

The overall aim of this thesis was progressing mathematical models of hiPSC-CMs 
electrophysiology toward a more refined and comprehensive description of electro-
mechano-energetic coupling at cell level. Therefore, the main objectives were 
defined as follows: 

 
1. Developing a robust computational model of hiPSC-CMs 

electromechanics by integrating a reparametrized CE into Paci2020 
model of hiPSC-CMs electrophysiology and quantitative and qualitative 
validation of the model against in vitro data (Study I & II). 

2. Deep-phenotyping mutation-specific HCM by integrating a metabolite-
sensitive model of CE into the established electromechanical model and 
investigating the mechanism of action and effects of sarcomere-targeting 
compounds, MAVA, BLEB, and OM on the disturbed actomyosin 
balance in HCM (Study III). 

3. Characterizing the ionic and subcellular signature unique in I/R and 
action mechanism of Levo through designing a model capable of 
associating the hiPSC-CM metabolite and molecular dynamics to cell-
level readouts (Study IV). 
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The observed changes in CTD90 were generally consistent among the in silico 
models, with all three models showing smaller magnitude changes compared to the 
in vitro measurements. Sparfloxacin at a concentration of 10 M was found to induce 
a 42% prolongation of CTD90 in vitro. Additionally, in silico models Koivumäki2018, 
Kernik2019, and Paci2020 reported increases of 17%, 6%, and 9% respectively. After 
the administration of drugs, a range of arrhythmic events were observed, particularly 
for drugs that have an impact on IKr. Paci2020 and Kernik2019 models exclusively 
demonstrated repolarization failure. In contrast, Koivumäki2018 exhibited both 
EADs and DADs. Koivumäki2018 and Paci2020 demonstrated that the utilization of 
Na+ blockers and pharmacological agents that exhibit comparable effects on ICaL and 
IKr effectively inhibited spontaneous activity, whereas only strong ICaL blockers, such 
as nisoldipine, suppressed spontaneous activity in Kernik2019. The sensitivity 
analysis confirmed these findings. 

On a computational note, the structural differences between the three models 
also were mirrored in their running times. Paci2020 and Kernik2019 were faster due 
to their simpler structure and compartmentalization (210 s simulations taking 22 s). 
Koivumäki2018, on the other hand, is more than 100 times slower due to its higher 
complexity (210 s simulations taking 2,331 s). Matlab 2017b was used to run these 
benchmark simulations on a computer (i7 @2.80 GHz and 32 GB memory). 

On the whole, all the key computer whole-cell models of hiPSC-CMs had 
addressed only the electrophysiology. This also has been the dominating focus in 
computational models of adult hV-CMs (Bartolucci et al., 2020; Grandi et al., 2010; 
Kernik et al., 2019; O’Hara et al., 2011; ten Tusscher & Panfilov, 2006; Tomek et al., 
2019). The phenomenon of myofilament contraction is observed in certain non-
human multi-scale mathematical models, specifically those pertaining to the mouse 
and rat (Campbell et al., 2010; Land et al., 2013; Land & Niederer, 2015; Rice et al., 
2008; Sheikh et al., 2012). Using such models allow linking the changes in 
intracellular properties to overall organ mechanical outcomes. Efforts have been 
made to develop human biophysical models that can accurately represent tension 
production and be integrated into a comprehensive framework for studying whole 
organ contraction. These models aim to incorporate the mechanical properties of 
cardiomyocytes (Land et al., 2017). In addition, some models of hV-CM 
electromechanics simulating active tensions and sarcomere dynamics were 
introduced (Margara et al., 2020; Margara, Wang, et al., 2021). Nevertheless, there 
was a dearth of biophysical models that encompassed the entirety of hiPSC-CM 
electromechanics and had the capability to accurately forecast active tension, cell 
shortening, and the inotropic impact of non-cardiomyocytes (Iseoka et al., 2018). 
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The observed changes in CTD90 were generally consistent among the in silico 
models, with all three models showing smaller magnitude changes compared to the 
in vitro measurements. Sparfloxacin at a concentration of 10 M was found to induce 
a 42% prolongation of CTD90 in vitro. Additionally, in silico models Koivumäki2018, 
Kernik2019, and Paci2020 reported increases of 17%, 6%, and 9% respectively. After 
the administration of drugs, a range of arrhythmic events were observed, particularly 
for drugs that have an impact on IKr. Paci2020 and Kernik2019 models exclusively 
demonstrated repolarization failure. In contrast, Koivumäki2018 exhibited both 
EADs and DADs. Koivumäki2018 and Paci2020 demonstrated that the utilization of 
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IKr effectively inhibited spontaneous activity, whereas only strong ICaL blockers, such 
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to their simpler structure and compartmentalization (210 s simulations taking 22 s). 
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benchmark simulations on a computer (i7 @2.80 GHz and 32 GB memory). 
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2019). The phenomenon of myofilament contraction is observed in certain non-
human multi-scale mathematical models, specifically those pertaining to the mouse 
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2008; Sheikh et al., 2012). Using such models allow linking the changes in 
intracellular properties to overall organ mechanical outcomes. Efforts have been 
made to develop human biophysical models that can accurately represent tension 
production and be integrated into a comprehensive framework for studying whole 
organ contraction. These models aim to incorporate the mechanical properties of 
cardiomyocytes (Land et al., 2017). In addition, some models of hV-CM 
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The observed changes in CTD90 were generally consistent among the in silico 
models, with all three models showing smaller magnitude changes compared to the 
in vitro measurements. Sparfloxacin at a concentration of 10 M was found to induce 
a 42% prolongation of CTD90 in vitro. Additionally, in silico models Koivumäki2018, 
Kernik2019, and Paci2020 reported increases of 17%, 6%, and 9% respectively. After 
the administration of drugs, a range of arrhythmic events were observed, particularly 
for drugs that have an impact on IKr. Paci2020 and Kernik2019 models exclusively 
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EADs and DADs. Koivumäki2018 and Paci2020 demonstrated that the utilization of 
Na+ blockers and pharmacological agents that exhibit comparable effects on ICaL and 
IKr effectively inhibited spontaneous activity, whereas only strong ICaL blockers, such 
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2008; Sheikh et al., 2012). Using such models allow linking the changes in 
intracellular properties to overall organ mechanical outcomes. Efforts have been 
made to develop human biophysical models that can accurately represent tension 
production and be integrated into a comprehensive framework for studying whole 
organ contraction. These models aim to incorporate the mechanical properties of 
cardiomyocytes (Land et al., 2017). In addition, some models of hV-CM 
electromechanics simulating active tensions and sarcomere dynamics were 
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4 METHODS 

 
4.1 Summary of the models 

 
A brief overview of the models and the data based on which they were developed is 
given in Table 2. 
 

Table 2 Summary of the modeling methods in each study. The detailed list of in 
vitro studies used are given in Tables 4, 7, and 8. 

Study Methods Data 
I Integrating Negroni2015 and Rice2008 models of CE 

into Paci2020 model of hiPSC-CMs electrophysiology; 
simulating the developed tensions, tension-Ca2+ 
relationships, and tension vs SL to study the calibration 
potentials of the models; ionic and contractile biomarker 
evaluations 

Original values of model 
parameters from Negroni2015 
(Negroni et al., 2015), 
Rice2008, and Paci2020 
models. 

II Integrating Rice2008 CE into Paci2020 model of hiPSC-
CMs electrophysiology and reparameterization of the 
CE; Sensitivity analysis of CE to identify the parameters 
governing CRT50 and FCS; A new passive force 
formulation as a function of percent of CMs in the EHTs 
to capture inotropic effects of non-CM components as 
an inter-scale analysis. EAD trigger due to 95% of IKr 

blockade; Channel-block IC50 based simulations of 
Verapamil and Bay-K 8644 compounds. The developed 
model was named hiPSC-CM-CE. 

hiPSC-CMs in vitro data of 
FCS, CRT50, CRT25, 
categorizing inotropic effects of 
non-cardiomyocytes, 
contractile velocity profiles, 
and AT amplitude were used 
for CE reparameterization. 

III Integrating a metabolite-sensitive model of Rice2008 
into Paci2020 model and reparametrizing the CE to fit 
hiPSC-CMs data in control and R403Q-HCM condition; 
MAVA-induced CE reparameterization and identifying 
the XB parameter(s) featuring in MAVA mechanism of 

CRT50s, FCSs, AT 
amplitudes, pCa50s, Hill 
coefficients, and Tension vs 
drug dose relationship were 
calibrated using hiPSC-CMs in 
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action consistent with in vitro data. OM- and BLEB-
induced CE reparameterizations and finding the XB 
parameter(s) governing the dose-dependent effects of 
OM and BLEB. The developed model was named 
hiMCE. 

vitro data of control and 
R403Q-HCM and in vitro data 
from human, murine, and rat. 

IV Optimizing the in silico protocol of ischemia simulation 
by considering oxygen deprivation and SERCA and CE 
metabolic changes in ischemia; Integrating a metabolite 
sensitive mathematical SERCA model into hiMCE 
model as SERCA responds significantly to ischemia; 
SERCA and CE calibrations for two severities of 
ischemia; Introducing an oxygen dynamic formulation 
considering the contractile ATPase rate and linking the 
effect of oxygen deprivation to INaK and IpCa and vice 
versa; Expanding the channel-blocking formalism in 
modeling Levo mechanism of action by accounting for 
the role of IKATP associating its inotropic effect to Ca2+-
bound to troponin transition rate in XBs in accord with 
in vitro data. 

Values of parameters used to 
model ischemia at two 
severities were derived from 
obtained from human based in 
vitro and in silico human-based 
works. SERCA and CE 
metabolite parameters change 
in accord with time courses of 
MgATP, MgADP, Pi, and pH 
calculated based on guinea pig 
hearts in the first 20 minutes of 
ischemia. SERCA sensitivity 
analyses of Ca2+ sensitivity 
and Iup amplitude to identify 
the optimized calibration for I/R 
simulations. 

 
 
4.2 Integration of the contractile elements into the ionic model 
 
The schematic representation of the hiPSC-CM-CE model is depicted in the middle 
panel of Figure 13. This diagram illustrates the various cell compartments, ion 
channels and pumps, as well as the CE component. The model consists of two 
distinct cellular compartments, namely the cytosol and the SR. According to 
Paci2020 model, both the If  current and the pre-upstroke inward component of INCX 
play a role in sustaining spontaneous electrical activity. The electrophysiological basis 
is elucidated by the classical Hodgkin-Huxley formalism, which provides a 
description of the membrane potential as follows: 

 
𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −(𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎 + 𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁 + 𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁 + 𝐼𝐼𝐼𝐼𝑓𝑓𝑓𝑓 + 𝐼𝐼𝐼𝐼𝐾𝐾𝐾𝐾1 + 𝐼𝐼𝐼𝐼𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐼𝐼𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐼𝐼𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 + 𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎 + 𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾 +

𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎 + 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐼𝐼𝐼𝐼𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠)  (4.1) 
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4 METHODS 

 
4.1 Summary of the models 

 
A brief overview of the models and the data based on which they were developed is 
given in Table 2. 
 

Table 2 Summary of the modeling methods in each study. The detailed list of in 
vitro studies used are given in Tables 4, 7, and 8. 

Study Methods Data 
I Integrating Negroni2015 and Rice2008 models of CE 

into Paci2020 model of hiPSC-CMs electrophysiology; 
simulating the developed tensions, tension-Ca2+ 
relationships, and tension vs SL to study the calibration 
potentials of the models; ionic and contractile biomarker 
evaluations 

Original values of model 
parameters from Negroni2015 
(Negroni et al., 2015), 
Rice2008, and Paci2020 
models. 

II Integrating Rice2008 CE into Paci2020 model of hiPSC-
CMs electrophysiology and reparameterization of the 
CE; Sensitivity analysis of CE to identify the parameters 
governing CRT50 and FCS; A new passive force 
formulation as a function of percent of CMs in the EHTs 
to capture inotropic effects of non-CM components as 
an inter-scale analysis. EAD trigger due to 95% of IKr 

blockade; Channel-block IC50 based simulations of 
Verapamil and Bay-K 8644 compounds. The developed 
model was named hiPSC-CM-CE. 

hiPSC-CMs in vitro data of 
FCS, CRT50, CRT25, 
categorizing inotropic effects of 
non-cardiomyocytes, 
contractile velocity profiles, 
and AT amplitude were used 
for CE reparameterization. 

III Integrating a metabolite-sensitive model of Rice2008 
into Paci2020 model and reparametrizing the CE to fit 
hiPSC-CMs data in control and R403Q-HCM condition; 
MAVA-induced CE reparameterization and identifying 
the XB parameter(s) featuring in MAVA mechanism of 

CRT50s, FCSs, AT 
amplitudes, pCa50s, Hill 
coefficients, and Tension vs 
drug dose relationship were 
calibrated using hiPSC-CMs in 
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action consistent with in vitro data. OM- and BLEB-
induced CE reparameterizations and finding the XB 
parameter(s) governing the dose-dependent effects of 
OM and BLEB. The developed model was named 
hiMCE. 

vitro data of control and 
R403Q-HCM and in vitro data 
from human, murine, and rat. 

IV Optimizing the in silico protocol of ischemia simulation 
by considering oxygen deprivation and SERCA and CE 
metabolic changes in ischemia; Integrating a metabolite 
sensitive mathematical SERCA model into hiMCE 
model as SERCA responds significantly to ischemia; 
SERCA and CE calibrations for two severities of 
ischemia; Introducing an oxygen dynamic formulation 
considering the contractile ATPase rate and linking the 
effect of oxygen deprivation to INaK and IpCa and vice 
versa; Expanding the channel-blocking formalism in 
modeling Levo mechanism of action by accounting for 
the role of IKATP associating its inotropic effect to Ca2+-
bound to troponin transition rate in XBs in accord with 
in vitro data. 

Values of parameters used to 
model ischemia at two 
severities were derived from 
obtained from human based in 
vitro and in silico human-based 
works. SERCA and CE 
metabolite parameters change 
in accord with time courses of 
MgATP, MgADP, Pi, and pH 
calculated based on guinea pig 
hearts in the first 20 minutes of 
ischemia. SERCA sensitivity 
analyses of Ca2+ sensitivity 
and Iup amplitude to identify 
the optimized calibration for I/R 
simulations. 

 
 
4.2 Integration of the contractile elements into the ionic model 
 
The schematic representation of the hiPSC-CM-CE model is depicted in the middle 
panel of Figure 13. This diagram illustrates the various cell compartments, ion 
channels and pumps, as well as the CE component. The model consists of two 
distinct cellular compartments, namely the cytosol and the SR. According to 
Paci2020 model, both the If  current and the pre-upstroke inward component of INCX 
play a role in sustaining spontaneous electrical activity. The electrophysiological basis 
is elucidated by the classical Hodgkin-Huxley formalism, which provides a 
description of the membrane potential as follows: 

 
𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −(𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎 + 𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁 + 𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁 + 𝐼𝐼𝐼𝐼𝑓𝑓𝑓𝑓 + 𝐼𝐼𝐼𝐼𝐾𝐾𝐾𝐾1 + 𝐼𝐼𝐼𝐼𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐼𝐼𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐼𝐼𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 + 𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎 + 𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾 +

𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎 + 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐼𝐼𝐼𝐼𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠)  (4.1) 
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amplitudes, pCa50s, Hill 
coefficients, and Tension vs 
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action consistent with in vitro data. OM- and BLEB-
induced CE reparameterizations and finding the XB 
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OM and BLEB. The developed model was named 
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vitro data of control and 
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from human, murine, and rat. 
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metabolic changes in ischemia; Integrating a metabolite 
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the role of IKATP associating its inotropic effect to Ca2+-
bound to troponin transition rate in XBs in accord with 
in vitro data. 

Values of parameters used to 
model ischemia at two 
severities were derived from 
obtained from human based in 
vitro and in silico human-based 
works. SERCA and CE 
metabolite parameters change 
in accord with time courses of 
MgATP, MgADP, Pi, and pH 
calculated based on guinea pig 
hearts in the first 20 minutes of 
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analyses of Ca2+ sensitivity 
and Iup amplitude to identify 
the optimized calibration for I/R 
simulations. 

 
 
4.2 Integration of the contractile elements into the ionic model 
 
The schematic representation of the hiPSC-CM-CE model is depicted in the middle 
panel of Figure 13. This diagram illustrates the various cell compartments, ion 
channels and pumps, as well as the CE component. The model consists of two 
distinct cellular compartments, namely the cytosol and the SR. According to 
Paci2020 model, both the If  current and the pre-upstroke inward component of INCX 
play a role in sustaining spontaneous electrical activity. The electrophysiological basis 
is elucidated by the classical Hodgkin-Huxley formalism, which provides a 
description of the membrane potential as follows: 

 
𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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In this context, C represents the capacitance of a cell, Istim denotes the stimulus 
current, and V represents the membrane potential. The simulations were conducted 
under the assumption of a temperature of 37℃, with extracellular concentrations of 
151, 5.4, and 1.8 mM for Na+, K+, and Ca2+, respectively. 

In the CE by (Rice et al., 2008), there exist two distinct forms of Ca2+ binding: 
regulatory calcium binding, which exclusively impacts the activation of thin 
filaments, and apparent calcium binding, which exerts influence over the cytosolic 
CaT, representing the Ca2+ binding that is detected by the cell. In this study, I 
incorporated the CE into the Paci2020 electrophysiology model through two main 
steps. Firstly, I calculated the net Ca2+ concentration available for binding to 
troponin by subtracting the total troponin concentration from the overall 
concentration of buffered Ca2+. Secondly, I determined the apparent Ca2+ binding 
by subtracting the Ca2+ flux towards the myofilaments from the cytosolic Ca2+ 
concentration. The latter is characterized by: 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 [𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟] = [𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇] ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) (4.2) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) = − 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠)) ×
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ×

𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁) + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻 −

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁) (4.3) 

 
The total buffer concentration of troponin, [Troponin] in Equation 4.2 was set to 
70 µM according to (Rice et al., 2008). Also, the flux from cytosolic Ca2+ toward the 
myofilament is given by Equation 4.3. Here, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) denotes the thin filament 
overlap which depends on sarcomere length s. The Ca2+ bindings to troponin with 
low and high affinity are represented by 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 and 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻, respectively. Lastly, the 
fraction of strongly attached XBs is represented by 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆. The equations and 
specificities of the CE utilized in the hiPSC-CM-CE computational model have been 
comprehensively described in the study conducted by (Rice et al., 2008). 
 
 
4.3 Reparameterization of the contractile elements 

 
The basis for the development of the Rice et al. CE was in vitro rabbit data. 
Consequently, I modified the CE to align with the hiPSC-CM Ca2+ and tension data 
from existing literature through the adjustment of XB cycling and Ca2+-based thin 
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filament activation parameters. The primary approach employed in reparametrizing 
the CE involved identifying a specific set of parameters that would enable the model 
to accurately replicate essential contraction-related protocols of hiPSC-CMs within 
the documented experimental ranges at a temperature of 37℃ and an extracellular 
Ca2+ concentration of 1.8 mM (refer to Table 4). Specifically, the percentage of FCS 
at a pacing frequency of 1Hz and the CRT50 (the duration from the peak of 
contraction to half of the relaxation) (Pioner et al., 2020), along with the magnitude 
of the generated active tension (Ruan et al., 2016). 

The calibrated parameters of the CE primarily control the binding of Ca2+ ions 
to troponin. However, there are two additional parameters that play a role in the CE 
model. The first is m, as shown in Table 3, which serves as a tuning parameter aimed 
at enhancing the model's response times. The second parameter is xbmodsp, which is 
species-specific and influences the regulation of the thin filament and cross-bridge 
cycling (Rice et al., 2008). Table 3 presents the adjusted and initial values of the 
parameters for the CE integrated into different computational models of this thesis. 

A sensitivity analysis was conducted to examine the behavior of hiPSC-CM-CE 
in relation to mechanical biomarkers, as outlined in the methodology described by 
(Romero et al., 2011). The percentage of change Dc,p,a, sensitivity Sc,p, and relative 
sensitivity rc,p, are given as follows, where b denotes biomarker and p represents the 
model parameter: 

 
𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎,𝑠𝑠𝑠𝑠 = (𝑏𝑏𝑏𝑏𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚−𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100  (4.4) 

𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎 =
∆𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚
∆𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,+15%−𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,−15%

0.3   (4.5) 

𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎 =
𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝

|𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝|𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑏𝑏𝑏𝑏
  (4.6) 
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In this context, C represents the capacitance of a cell, Istim denotes the stimulus 
current, and V represents the membrane potential. The simulations were conducted 
under the assumption of a temperature of 37℃, with extracellular concentrations of 
151, 5.4, and 1.8 mM for Na+, K+, and Ca2+, respectively. 

In the CE by (Rice et al., 2008), there exist two distinct forms of Ca2+ binding: 
regulatory calcium binding, which exclusively impacts the activation of thin 
filaments, and apparent calcium binding, which exerts influence over the cytosolic 
CaT, representing the Ca2+ binding that is detected by the cell. In this study, I 
incorporated the CE into the Paci2020 electrophysiology model through two main 
steps. Firstly, I calculated the net Ca2+ concentration available for binding to 
troponin by subtracting the total troponin concentration from the overall 
concentration of buffered Ca2+. Secondly, I determined the apparent Ca2+ binding 
by subtracting the Ca2+ flux towards the myofilaments from the cytosolic Ca2+ 
concentration. The latter is characterized by: 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 [𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟] = [𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇] ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) (4.2) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) = − 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠)) ×
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ×

𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁) + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻 −

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁) (4.3) 

 
The total buffer concentration of troponin, [Troponin] in Equation 4.2 was set to 
70 µM according to (Rice et al., 2008). Also, the flux from cytosolic Ca2+ toward the 
myofilament is given by Equation 4.3. Here, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) denotes the thin filament 
overlap which depends on sarcomere length s. The Ca2+ bindings to troponin with 
low and high affinity are represented by 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 and 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻, respectively. Lastly, the 
fraction of strongly attached XBs is represented by 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆. The equations and 
specificities of the CE utilized in the hiPSC-CM-CE computational model have been 
comprehensively described in the study conducted by (Rice et al., 2008). 
 
 
4.3 Reparameterization of the contractile elements 

 
The basis for the development of the Rice et al. CE was in vitro rabbit data. 
Consequently, I modified the CE to align with the hiPSC-CM Ca2+ and tension data 
from existing literature through the adjustment of XB cycling and Ca2+-based thin 
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filament activation parameters. The primary approach employed in reparametrizing 
the CE involved identifying a specific set of parameters that would enable the model 
to accurately replicate essential contraction-related protocols of hiPSC-CMs within 
the documented experimental ranges at a temperature of 37℃ and an extracellular 
Ca2+ concentration of 1.8 mM (refer to Table 4). Specifically, the percentage of FCS 
at a pacing frequency of 1Hz and the CRT50 (the duration from the peak of 
contraction to half of the relaxation) (Pioner et al., 2020), along with the magnitude 
of the generated active tension (Ruan et al., 2016). 

The calibrated parameters of the CE primarily control the binding of Ca2+ ions 
to troponin. However, there are two additional parameters that play a role in the CE 
model. The first is m, as shown in Table 3, which serves as a tuning parameter aimed 
at enhancing the model's response times. The second parameter is xbmodsp, which is 
species-specific and influences the regulation of the thin filament and cross-bridge 
cycling (Rice et al., 2008). Table 3 presents the adjusted and initial values of the 
parameters for the CE integrated into different computational models of this thesis. 

A sensitivity analysis was conducted to examine the behavior of hiPSC-CM-CE 
in relation to mechanical biomarkers, as outlined in the methodology described by 
(Romero et al., 2011). The percentage of change Dc,p,a, sensitivity Sc,p, and relative 
sensitivity rc,p, are given as follows, where b denotes biomarker and p represents the 
model parameter: 

 
𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎,𝑠𝑠𝑠𝑠 = (𝑏𝑏𝑏𝑏𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚−𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100  (4.4) 

𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎 =
∆𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚
∆𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,+15%−𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,−15%

0.3   (4.5) 

𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎 =
𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝

|𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝|𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑏𝑏𝑏𝑏
  (4.6) 
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In this context, C represents the capacitance of a cell, Istim denotes the stimulus 
current, and V represents the membrane potential. The simulations were conducted 
under the assumption of a temperature of 37℃, with extracellular concentrations of 
151, 5.4, and 1.8 mM for Na+, K+, and Ca2+, respectively. 

In the CE by (Rice et al., 2008), there exist two distinct forms of Ca2+ binding: 
regulatory calcium binding, which exclusively impacts the activation of thin 
filaments, and apparent calcium binding, which exerts influence over the cytosolic 
CaT, representing the Ca2+ binding that is detected by the cell. In this study, I 
incorporated the CE into the Paci2020 electrophysiology model through two main 
steps. Firstly, I calculated the net Ca2+ concentration available for binding to 
troponin by subtracting the total troponin concentration from the overall 
concentration of buffered Ca2+. Secondly, I determined the apparent Ca2+ binding 
by subtracting the Ca2+ flux towards the myofilaments from the cytosolic Ca2+ 
concentration. The latter is characterized by: 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 [𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟] = [𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇] ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) (4.2) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) = − 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠)) ×
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ×

𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁) + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻 −

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁) (4.3) 

 
The total buffer concentration of troponin, [Troponin] in Equation 4.2 was set to 
70 µM according to (Rice et al., 2008). Also, the flux from cytosolic Ca2+ toward the 
myofilament is given by Equation 4.3. Here, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) denotes the thin filament 
overlap which depends on sarcomere length s. The Ca2+ bindings to troponin with 
low and high affinity are represented by 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 and 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻, respectively. Lastly, the 
fraction of strongly attached XBs is represented by 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆. The equations and 
specificities of the CE utilized in the hiPSC-CM-CE computational model have been 
comprehensively described in the study conducted by (Rice et al., 2008). 
 
 
4.3 Reparameterization of the contractile elements 

 
The basis for the development of the Rice et al. CE was in vitro rabbit data. 
Consequently, I modified the CE to align with the hiPSC-CM Ca2+ and tension data 
from existing literature through the adjustment of XB cycling and Ca2+-based thin 
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filament activation parameters. The primary approach employed in reparametrizing 
the CE involved identifying a specific set of parameters that would enable the model 
to accurately replicate essential contraction-related protocols of hiPSC-CMs within 
the documented experimental ranges at a temperature of 37℃ and an extracellular 
Ca2+ concentration of 1.8 mM (refer to Table 4). Specifically, the percentage of FCS 
at a pacing frequency of 1Hz and the CRT50 (the duration from the peak of 
contraction to half of the relaxation) (Pioner et al., 2020), along with the magnitude 
of the generated active tension (Ruan et al., 2016). 

The calibrated parameters of the CE primarily control the binding of Ca2+ ions 
to troponin. However, there are two additional parameters that play a role in the CE 
model. The first is m, as shown in Table 3, which serves as a tuning parameter aimed 
at enhancing the model's response times. The second parameter is xbmodsp, which is 
species-specific and influences the regulation of the thin filament and cross-bridge 
cycling (Rice et al., 2008). Table 3 presents the adjusted and initial values of the 
parameters for the CE integrated into different computational models of this thesis. 

A sensitivity analysis was conducted to examine the behavior of hiPSC-CM-CE 
in relation to mechanical biomarkers, as outlined in the methodology described by 
(Romero et al., 2011). The percentage of change Dc,p,a, sensitivity Sc,p, and relative 
sensitivity rc,p, are given as follows, where b denotes biomarker and p represents the 
model parameter: 

 
𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎,𝑠𝑠𝑠𝑠 = (𝑏𝑏𝑏𝑏𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚−𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100  (4.4) 

𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎 =
∆𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚
∆𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,+15%−𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,−15%

0.3   (4.5) 

𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎 =
𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝

|𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝|𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑏𝑏𝑏𝑏
  (4.6) 
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In this context, C represents the capacitance of a cell, Istim denotes the stimulus 
current, and V represents the membrane potential. The simulations were conducted 
under the assumption of a temperature of 37℃, with extracellular concentrations of 
151, 5.4, and 1.8 mM for Na+, K+, and Ca2+, respectively. 

In the CE by (Rice et al., 2008), there exist two distinct forms of Ca2+ binding: 
regulatory calcium binding, which exclusively impacts the activation of thin 
filaments, and apparent calcium binding, which exerts influence over the cytosolic 
CaT, representing the Ca2+ binding that is detected by the cell. In this study, I 
incorporated the CE into the Paci2020 electrophysiology model through two main 
steps. Firstly, I calculated the net Ca2+ concentration available for binding to 
troponin by subtracting the total troponin concentration from the overall 
concentration of buffered Ca2+. Secondly, I determined the apparent Ca2+ binding 
by subtracting the Ca2+ flux towards the myofilaments from the cytosolic Ca2+ 
concentration. The latter is characterized by: 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 [𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟] = [𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇] ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) (4.2) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾(𝑠𝑠𝑠𝑠) = − 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠)) ×
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ×

𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁) + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) × (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻 −

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁) (4.3) 

 
The total buffer concentration of troponin, [Troponin] in Equation 4.2 was set to 
70 µM according to (Rice et al., 2008). Also, the flux from cytosolic Ca2+ toward the 
myofilament is given by Equation 4.3. Here, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠𝑠𝑠) denotes the thin filament 
overlap which depends on sarcomere length s. The Ca2+ bindings to troponin with 
low and high affinity are represented by 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁 and 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻, respectively. Lastly, the 
fraction of strongly attached XBs is represented by 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆. The equations and 
specificities of the CE utilized in the hiPSC-CM-CE computational model have been 
comprehensively described in the study conducted by (Rice et al., 2008). 
 
 
4.3 Reparameterization of the contractile elements 

 
The basis for the development of the Rice et al. CE was in vitro rabbit data. 
Consequently, I modified the CE to align with the hiPSC-CM Ca2+ and tension data 
from existing literature through the adjustment of XB cycling and Ca2+-based thin 
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filament activation parameters. The primary approach employed in reparametrizing 
the CE involved identifying a specific set of parameters that would enable the model 
to accurately replicate essential contraction-related protocols of hiPSC-CMs within 
the documented experimental ranges at a temperature of 37℃ and an extracellular 
Ca2+ concentration of 1.8 mM (refer to Table 4). Specifically, the percentage of FCS 
at a pacing frequency of 1Hz and the CRT50 (the duration from the peak of 
contraction to half of the relaxation) (Pioner et al., 2020), along with the magnitude 
of the generated active tension (Ruan et al., 2016). 

The calibrated parameters of the CE primarily control the binding of Ca2+ ions 
to troponin. However, there are two additional parameters that play a role in the CE 
model. The first is m, as shown in Table 3, which serves as a tuning parameter aimed 
at enhancing the model's response times. The second parameter is xbmodsp, which is 
species-specific and influences the regulation of the thin filament and cross-bridge 
cycling (Rice et al., 2008). Table 3 presents the adjusted and initial values of the 
parameters for the CE integrated into different computational models of this thesis. 

A sensitivity analysis was conducted to examine the behavior of hiPSC-CM-CE 
in relation to mechanical biomarkers, as outlined in the methodology described by 
(Romero et al., 2011). The percentage of change Dc,p,a, sensitivity Sc,p, and relative 
sensitivity rc,p, are given as follows, where b denotes biomarker and p represents the 
model parameter: 

 
𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎,𝑠𝑠𝑠𝑠 = (𝑏𝑏𝑏𝑏𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚−𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100  (4.4) 

𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎 =
∆𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚
∆𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,+15%−𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝,−15%

0.3   (4.5) 

𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎 =
𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝

|𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝|𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑏𝑏𝑏𝑏
  (4.6) 
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Figure 12. The sensitivity analysis performed on hiPSC-CM-CE model adopted from 

(Forouzandehmehr, Koivumäki, et al., 2021) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/. The parameter alterations were within ±15% of 
the calibrated values. The color bar shows the relative sensitivity and the percents in each 
rectangle denote the maximum absolute sensitivity of the biomarker to the related parameter. 
ATpeak: Active Tension Peak, cellShortPerc: fractional cell shortening (%). 

 
 
Tran et al. (Tran et al., 2017) proposed a mathematical model of a CE that integrated 
metabolite-sensitivity, building upon the work of (Rice et al., 2008). The 
aforementioned accomplishment was realized through the expansion of the Rice et 
al. model (Rice et al., 2008), wherein additional parameters were introduced to 
accommodate the competitive interaction between metabolic protons (H+) and Ca2+ 
binding sites on troponin C. Furthermore, the model incorporates the binding 
kinetics of MgADP in the XB cycling process, as shown in Figure 13. The extended 
mechanistic description involves the division of the strongly bound state post 
isomerized rotation (XBB) into two substates, AM1 and AM2, which are in rapid 
equilibrium. This division is done in order to accurately represent the kinetics of 
MgADP binding in the XBs, as depicted in Figure 13. The metabolite-sensitive 
model of XB kinetics and Ca2+ activation comprises four distinct states, namely, a 
non-permissive (N), a permissive (P), a pre power stroke state (XBA), and a post 
power stroke state (XBB) as shown in Figure 13 (Tran et al., 2017). XBA and XBB 
states both indicate the condition wherein myosin heads are firmly attached to actin 
filaments. (Rice et al., 2008; Tran et al., 2017). During the diastole phase, XBs exist 
in a non-interacting (N) state. However, upon activation by Ca2+ ions, XBs transition 
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into a high-energy state known as the permissive state (P). In this state, XBs are 
capable of engaging in the attaching and detaching of myosin heads, which is 
essential for the generation of tension within the muscle fibers (refer to Figure 13) 
(Tran et al., 2017). The active tension generated during the process is equivalent to 
the multiplication of myosin head strain and the fractional occupancy of strongly 
bound states (Tran et al., 2017). 

In Studies III & IV, I have utilized the metabolite-sensitive CE model introduced 
by (Tran et al., 2017), and made adaptations to integrate active contraction 
mechanisms into the Paci2020 model of electrophysiology (Paci et al., 2020). In 
Study III, the extended CE model was adjusted manually by incorporating data from 
a prior sensitivity analysis (Figure 12) and a new set of sensitivity tests (Figures S2-
S5 in (Forouzandehmehr et al., 2022) conducted on the contractile machinery and  
(Forouzandehmehr, Koivumäki, et al., 2021) (Table 3). I calibrated the model to 
accurately represent the AP, CaTs, and contractile experimental biomarkers 
observed in hiPSC-CMs under normal conditions, as outlined in Table 9. 

In order to account for the influence of non-CM components in the model, and 
in line with the observed biphasic pattern of contraction-relaxation velocities for 
various cardiomyocyte ratios in EHTs as reported by (Iseoka et al., 2018), I 
introduced a piecewise function as the CE passive force (Eq. 4.7). In order to 
simulate the observed trend in Figure S7 of (Forouzandehmehr, Koivumäki, et al., 
2021), an initial estimate using an exponential function was employed. The error was 
subsequently minimized through manual adjustments. This approach aimed to 
ensure that the simulated contraction-relaxation velocities accurately reproduced the 
data presented in (Iseoka et al., 2018). The passive force in this context refers to the 
influence exerted by the non-CM components on the dynamics of the sarcomere 
and the contractions of the cell, defined as: 

 
𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥) =

{
𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥), 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 = 100

1
0.54×(4.66×𝑝𝑝𝑝𝑝−3.05𝑐𝑐𝑐𝑐4.9) × (𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥)), 100 > 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 ≥ 70

(6 × 𝑒𝑒𝑒𝑒−6.17𝑑𝑑𝑑𝑑2.91) × (𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥)), 70 > 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 > 0
 (4.7) 

 
Where c is equal to ctn/100 and ctn represents the percent of CMs in the EHT and 
x represents the length of the sarcomere. 
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Figure 12. The sensitivity analysis performed on hiPSC-CM-CE model adopted from 

(Forouzandehmehr, Koivumäki, et al., 2021) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/. The parameter alterations were within ±15% of 
the calibrated values. The color bar shows the relative sensitivity and the percents in each 
rectangle denote the maximum absolute sensitivity of the biomarker to the related parameter. 
ATpeak: Active Tension Peak, cellShortPerc: fractional cell shortening (%). 

 
 
Tran et al. (Tran et al., 2017) proposed a mathematical model of a CE that integrated 
metabolite-sensitivity, building upon the work of (Rice et al., 2008). The 
aforementioned accomplishment was realized through the expansion of the Rice et 
al. model (Rice et al., 2008), wherein additional parameters were introduced to 
accommodate the competitive interaction between metabolic protons (H+) and Ca2+ 
binding sites on troponin C. Furthermore, the model incorporates the binding 
kinetics of MgADP in the XB cycling process, as shown in Figure 13. The extended 
mechanistic description involves the division of the strongly bound state post 
isomerized rotation (XBB) into two substates, AM1 and AM2, which are in rapid 
equilibrium. This division is done in order to accurately represent the kinetics of 
MgADP binding in the XBs, as depicted in Figure 13. The metabolite-sensitive 
model of XB kinetics and Ca2+ activation comprises four distinct states, namely, a 
non-permissive (N), a permissive (P), a pre power stroke state (XBA), and a post 
power stroke state (XBB) as shown in Figure 13 (Tran et al., 2017). XBA and XBB 
states both indicate the condition wherein myosin heads are firmly attached to actin 
filaments. (Rice et al., 2008; Tran et al., 2017). During the diastole phase, XBs exist 
in a non-interacting (N) state. However, upon activation by Ca2+ ions, XBs transition 
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into a high-energy state known as the permissive state (P). In this state, XBs are 
capable of engaging in the attaching and detaching of myosin heads, which is 
essential for the generation of tension within the muscle fibers (refer to Figure 13) 
(Tran et al., 2017). The active tension generated during the process is equivalent to 
the multiplication of myosin head strain and the fractional occupancy of strongly 
bound states (Tran et al., 2017). 

In Studies III & IV, I have utilized the metabolite-sensitive CE model introduced 
by (Tran et al., 2017), and made adaptations to integrate active contraction 
mechanisms into the Paci2020 model of electrophysiology (Paci et al., 2020). In 
Study III, the extended CE model was adjusted manually by incorporating data from 
a prior sensitivity analysis (Figure 12) and a new set of sensitivity tests (Figures S2-
S5 in (Forouzandehmehr et al., 2022) conducted on the contractile machinery and  
(Forouzandehmehr, Koivumäki, et al., 2021) (Table 3). I calibrated the model to 
accurately represent the AP, CaTs, and contractile experimental biomarkers 
observed in hiPSC-CMs under normal conditions, as outlined in Table 9. 

In order to account for the influence of non-CM components in the model, and 
in line with the observed biphasic pattern of contraction-relaxation velocities for 
various cardiomyocyte ratios in EHTs as reported by (Iseoka et al., 2018), I 
introduced a piecewise function as the CE passive force (Eq. 4.7). In order to 
simulate the observed trend in Figure S7 of (Forouzandehmehr, Koivumäki, et al., 
2021), an initial estimate using an exponential function was employed. The error was 
subsequently minimized through manual adjustments. This approach aimed to 
ensure that the simulated contraction-relaxation velocities accurately reproduced the 
data presented in (Iseoka et al., 2018). The passive force in this context refers to the 
influence exerted by the non-CM components on the dynamics of the sarcomere 
and the contractions of the cell, defined as: 

 
𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥) =

{
𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥), 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 = 100

1
0.54×(4.66×𝑝𝑝𝑝𝑝−3.05𝑐𝑐𝑐𝑐4.9) × (𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥)), 100 > 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 ≥ 70

(6 × 𝑒𝑒𝑒𝑒−6.17𝑑𝑑𝑑𝑑2.91) × (𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥)), 70 > 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 > 0
 (4.7) 

 
Where c is equal to ctn/100 and ctn represents the percent of CMs in the EHT and 
x represents the length of the sarcomere. 
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Figure 12. The sensitivity analysis performed on hiPSC-CM-CE model adopted from 

(Forouzandehmehr, Koivumäki, et al., 2021) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/. The parameter alterations were within ±15% of 
the calibrated values. The color bar shows the relative sensitivity and the percents in each 
rectangle denote the maximum absolute sensitivity of the biomarker to the related parameter. 
ATpeak: Active Tension Peak, cellShortPerc: fractional cell shortening (%). 

 
 
Tran et al. (Tran et al., 2017) proposed a mathematical model of a CE that integrated 
metabolite-sensitivity, building upon the work of (Rice et al., 2008). The 
aforementioned accomplishment was realized through the expansion of the Rice et 
al. model (Rice et al., 2008), wherein additional parameters were introduced to 
accommodate the competitive interaction between metabolic protons (H+) and Ca2+ 
binding sites on troponin C. Furthermore, the model incorporates the binding 
kinetics of MgADP in the XB cycling process, as shown in Figure 13. The extended 
mechanistic description involves the division of the strongly bound state post 
isomerized rotation (XBB) into two substates, AM1 and AM2, which are in rapid 
equilibrium. This division is done in order to accurately represent the kinetics of 
MgADP binding in the XBs, as depicted in Figure 13. The metabolite-sensitive 
model of XB kinetics and Ca2+ activation comprises four distinct states, namely, a 
non-permissive (N), a permissive (P), a pre power stroke state (XBA), and a post 
power stroke state (XBB) as shown in Figure 13 (Tran et al., 2017). XBA and XBB 
states both indicate the condition wherein myosin heads are firmly attached to actin 
filaments. (Rice et al., 2008; Tran et al., 2017). During the diastole phase, XBs exist 
in a non-interacting (N) state. However, upon activation by Ca2+ ions, XBs transition 
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into a high-energy state known as the permissive state (P). In this state, XBs are 
capable of engaging in the attaching and detaching of myosin heads, which is 
essential for the generation of tension within the muscle fibers (refer to Figure 13) 
(Tran et al., 2017). The active tension generated during the process is equivalent to 
the multiplication of myosin head strain and the fractional occupancy of strongly 
bound states (Tran et al., 2017). 

In Studies III & IV, I have utilized the metabolite-sensitive CE model introduced 
by (Tran et al., 2017), and made adaptations to integrate active contraction 
mechanisms into the Paci2020 model of electrophysiology (Paci et al., 2020). In 
Study III, the extended CE model was adjusted manually by incorporating data from 
a prior sensitivity analysis (Figure 12) and a new set of sensitivity tests (Figures S2-
S5 in (Forouzandehmehr et al., 2022) conducted on the contractile machinery and  
(Forouzandehmehr, Koivumäki, et al., 2021) (Table 3). I calibrated the model to 
accurately represent the AP, CaTs, and contractile experimental biomarkers 
observed in hiPSC-CMs under normal conditions, as outlined in Table 9. 

In order to account for the influence of non-CM components in the model, and 
in line with the observed biphasic pattern of contraction-relaxation velocities for 
various cardiomyocyte ratios in EHTs as reported by (Iseoka et al., 2018), I 
introduced a piecewise function as the CE passive force (Eq. 4.7). In order to 
simulate the observed trend in Figure S7 of (Forouzandehmehr, Koivumäki, et al., 
2021), an initial estimate using an exponential function was employed. The error was 
subsequently minimized through manual adjustments. This approach aimed to 
ensure that the simulated contraction-relaxation velocities accurately reproduced the 
data presented in (Iseoka et al., 2018). The passive force in this context refers to the 
influence exerted by the non-CM components on the dynamics of the sarcomere 
and the contractions of the cell, defined as: 

 
𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥) =

{
𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥), 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 = 100

1
0.54×(4.66×𝑝𝑝𝑝𝑝−3.05𝑐𝑐𝑐𝑐4.9) × (𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥)), 100 > 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 ≥ 70

(6 × 𝑒𝑒𝑒𝑒−6.17𝑑𝑑𝑑𝑑2.91) × (𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥)), 70 > 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 > 0
 (4.7) 

 
Where c is equal to ctn/100 and ctn represents the percent of CMs in the EHT and 
x represents the length of the sarcomere. 
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Figure 12. The sensitivity analysis performed on hiPSC-CM-CE model adopted from 

(Forouzandehmehr, Koivumäki, et al., 2021) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/. The parameter alterations were within ±15% of 
the calibrated values. The color bar shows the relative sensitivity and the percents in each 
rectangle denote the maximum absolute sensitivity of the biomarker to the related parameter. 
ATpeak: Active Tension Peak, cellShortPerc: fractional cell shortening (%). 

 
 
Tran et al. (Tran et al., 2017) proposed a mathematical model of a CE that integrated 
metabolite-sensitivity, building upon the work of (Rice et al., 2008). The 
aforementioned accomplishment was realized through the expansion of the Rice et 
al. model (Rice et al., 2008), wherein additional parameters were introduced to 
accommodate the competitive interaction between metabolic protons (H+) and Ca2+ 
binding sites on troponin C. Furthermore, the model incorporates the binding 
kinetics of MgADP in the XB cycling process, as shown in Figure 13. The extended 
mechanistic description involves the division of the strongly bound state post 
isomerized rotation (XBB) into two substates, AM1 and AM2, which are in rapid 
equilibrium. This division is done in order to accurately represent the kinetics of 
MgADP binding in the XBs, as depicted in Figure 13. The metabolite-sensitive 
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into a high-energy state known as the permissive state (P). In this state, XBs are 
capable of engaging in the attaching and detaching of myosin heads, which is 
essential for the generation of tension within the muscle fibers (refer to Figure 13) 
(Tran et al., 2017). The active tension generated during the process is equivalent to 
the multiplication of myosin head strain and the fractional occupancy of strongly 
bound states (Tran et al., 2017). 

In Studies III & IV, I have utilized the metabolite-sensitive CE model introduced 
by (Tran et al., 2017), and made adaptations to integrate active contraction 
mechanisms into the Paci2020 model of electrophysiology (Paci et al., 2020). In 
Study III, the extended CE model was adjusted manually by incorporating data from 
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S5 in (Forouzandehmehr et al., 2022) conducted on the contractile machinery and  
(Forouzandehmehr, Koivumäki, et al., 2021) (Table 3). I calibrated the model to 
accurately represent the AP, CaTs, and contractile experimental biomarkers 
observed in hiPSC-CMs under normal conditions, as outlined in Table 9. 

In order to account for the influence of non-CM components in the model, and 
in line with the observed biphasic pattern of contraction-relaxation velocities for 
various cardiomyocyte ratios in EHTs as reported by (Iseoka et al., 2018), I 
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𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥) =

{
𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥), 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 = 100

1
0.54×(4.66×𝑝𝑝𝑝𝑝−3.05𝑐𝑐𝑐𝑐4.9) × (𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥)), 100 > 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 ≥ 70

(6 × 𝑒𝑒𝑒𝑒−6.17𝑑𝑑𝑑𝑑2.91) × (𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑥𝑥)), 70 > 𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 > 0
 (4.7) 

 
Where c is equal to ctn/100 and ctn represents the percent of CMs in the EHT and 
x represents the length of the sarcomere. 
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Table 3 The values of the contractile element parameters for hiPSC-CM-CE (Forouzandehmehr, 
Koivumäki, et al., 2021) hiMCE, and hiMCES models. F1 and F2 represent DRX:SRX/(DRX:SRX)control 
ratio in the XB cycling. Kon, Knp and Kpn respectively indicate the rate constants for Ca2+ binding to 
troponin and the forward and backward transition rates between Pxb and Nxb states (Rice et al., 2008). 
nperm and perm50 respectively represent the Hill coefficient and the half-activation constant, 
communicating the nonlinearity of the cooperativity in Ca2+ activation of XBs (Rice et al., 2008). KoffL 
and KoffH respectively represent the rate constants controlling Ca2+ unbinding from low and high affinity 
sites on troponin (Rice et al., 2008). m denotes the mass term in the Rice CE model (Rice et al., 2008). 
kxb denotes the tension scaling coefficient described in (Forouzandehmehr, Koivumäki, et al., 2021). 
xbmodsp represents a species-dependent XB cycling rate scaling coefficient (Rice et al., 2008). The 
rate constant in the forward transition between XBpreR and XBpstR is represented by hf (Rice et al., 2008). 

# Parameter Rice2008 hiPSC-CM-CE hiMCE & hiMCES 
1 F1 1 1 1 
2 F2 1 1 1 
3 Kon (s-1 mM-1) 50×103 62.5×103 62.5×103 
4 KoffL (s-1) 250 200 200 
5 KoffH (s-1) 25 25 25 
6 perm50 0.5 0.6 0.6 
7 nperm 15 11.28 11.55 
8 Knp (s-1) 500 550 550 
9 Kpn (s-1) 50 50 50 
10 Koffmod 1 0.5 0.5 
11 m (s2 µm-1) 5×10-5 2×10-5 2×10-5 
12 kxb 120 12 13.1 
14 xbmodsp 1.33, 1, 0.2 0.2 0.2 
15 hf (s-1) 2000 2000 2000 

 
The experimental data obtained from hiPSC-CMs, which were used to reparametrize 
the computational CE model, consisted of the percentage of FCS, representing the 
preserved contractility of the CM (Pioner et al., 2020), the CRT50 (Clark et al., 2021), 
and the magnitude of active tension (Ruan et al., 2016).  

Pioner et al. provided contractile in vitro data of % of FCS of hiPSC-CMs single 
cell lines with long term maturation paced at 0.5, 1, or 2 Hz through field stimulation  
(Pioner et al., 2020). Ruan et al. offered collagen-based hiPSC-CMs EHTs 
encapsulating single cell lines, and reported the developed active tensions in 
spontaneous and paced beating, based on digital measurements of sarcomere length 
and force signals and normalization of force over the circular cross-section area of 
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EHT constructs (Ruan et al., 2016). Table 4 provides a succinct overview of the 
model reparameterization, specifically regarding the experimental findings of hiPSC-
CMs as documented in the referenced literature. 
 
Table 4 The hiPSC-CM experimental data behind the reparameterization of the hiPSC-CM-CE 
model. 

# Experimental Paper [Ca2+]e Temperature (℃) 
Target biomarkers of 
the calibration/results 
validations 

1 
Pioner et al., 2020 (Pioner 
et al., 2020) 

1.8 mM 37 % of FSC  

2 
Clarks et al., 2021 (Clark 
et al., 2021) 

1.8 mM 37 Contraction RT50 

3 
Yang et al., 2018 (Yang et 
al., 2018) 

1.8 mM 37 
% of FCS, Contraction 
RT25,  

4 
Ruan et al., 2016 (Ruan et 
al., 2016) 

1.8 mM 

Mechanical 
Measurements and 
drug tests at 37, 
Histological 
Measurements and 
microscopy at room 
temp. 

Active tension amplitude 
and Verapamil and Bay-
K 8644 inotropy 

5 
Iseoka et al., 2018 (Iseoka 
et al., 2018) 

N/A 37 

Inotropic effects of non-
cardiomyocytes on the 
hiPSC-CM FCS and 
contraction-relaxation 
velocity 

6 
Hayakawa et al., 2014 
(Hayakawa et al., 2014) 

N/A 37 
Contraction velocity 
profile 

7 
Rodriguez et al., 2014 
(Rodriguez et al., 2014) 

N/A 37 
Contraction velocity 
profile 

[Ca2+]e denotes the extracellular Ca2+ concentration. 
 
4.4 HCM and the drug-induced calibrations 

 
In Study III, the baseline metabolite-sensitive CE of the hiPSC-CM model 
incorporates the primary influences of contractile metabolic substances, including 
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Table 3 The values of the contractile element parameters for hiPSC-CM-CE (Forouzandehmehr, 
Koivumäki, et al., 2021) hiMCE, and hiMCES models. F1 and F2 represent DRX:SRX/(DRX:SRX)control 
ratio in the XB cycling. Kon, Knp and Kpn respectively indicate the rate constants for Ca2+ binding to 
troponin and the forward and backward transition rates between Pxb and Nxb states (Rice et al., 2008). 
nperm and perm50 respectively represent the Hill coefficient and the half-activation constant, 
communicating the nonlinearity of the cooperativity in Ca2+ activation of XBs (Rice et al., 2008). KoffL 
and KoffH respectively represent the rate constants controlling Ca2+ unbinding from low and high affinity 
sites on troponin (Rice et al., 2008). m denotes the mass term in the Rice CE model (Rice et al., 2008). 
kxb denotes the tension scaling coefficient described in (Forouzandehmehr, Koivumäki, et al., 2021). 
xbmodsp represents a species-dependent XB cycling rate scaling coefficient (Rice et al., 2008). The 
rate constant in the forward transition between XBpreR and XBpstR is represented by hf (Rice et al., 2008). 

# Parameter Rice2008 hiPSC-CM-CE hiMCE & hiMCES 
1 F1 1 1 1 
2 F2 1 1 1 
3 Kon (s-1 mM-1) 50×103 62.5×103 62.5×103 
4 KoffL (s-1) 250 200 200 
5 KoffH (s-1) 25 25 25 
6 perm50 0.5 0.6 0.6 
7 nperm 15 11.28 11.55 
8 Knp (s-1) 500 550 550 
9 Kpn (s-1) 50 50 50 
10 Koffmod 1 0.5 0.5 
11 m (s2 µm-1) 5×10-5 2×10-5 2×10-5 
12 kxb 120 12 13.1 
14 xbmodsp 1.33, 1, 0.2 0.2 0.2 
15 hf (s-1) 2000 2000 2000 

 
The experimental data obtained from hiPSC-CMs, which were used to reparametrize 
the computational CE model, consisted of the percentage of FCS, representing the 
preserved contractility of the CM (Pioner et al., 2020), the CRT50 (Clark et al., 2021), 
and the magnitude of active tension (Ruan et al., 2016).  

Pioner et al. provided contractile in vitro data of % of FCS of hiPSC-CMs single 
cell lines with long term maturation paced at 0.5, 1, or 2 Hz through field stimulation  
(Pioner et al., 2020). Ruan et al. offered collagen-based hiPSC-CMs EHTs 
encapsulating single cell lines, and reported the developed active tensions in 
spontaneous and paced beating, based on digital measurements of sarcomere length 
and force signals and normalization of force over the circular cross-section area of 
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EHT constructs (Ruan et al., 2016). Table 4 provides a succinct overview of the 
model reparameterization, specifically regarding the experimental findings of hiPSC-
CMs as documented in the referenced literature. 
 
Table 4 The hiPSC-CM experimental data behind the reparameterization of the hiPSC-CM-CE 
model. 

# Experimental Paper [Ca2+]e Temperature (℃) 
Target biomarkers of 
the calibration/results 
validations 

1 
Pioner et al., 2020 (Pioner 
et al., 2020) 

1.8 mM 37 % of FSC  

2 
Clarks et al., 2021 (Clark 
et al., 2021) 

1.8 mM 37 Contraction RT50 

3 
Yang et al., 2018 (Yang et 
al., 2018) 

1.8 mM 37 
% of FCS, Contraction 
RT25,  

4 
Ruan et al., 2016 (Ruan et 
al., 2016) 

1.8 mM 

Mechanical 
Measurements and 
drug tests at 37, 
Histological 
Measurements and 
microscopy at room 
temp. 

Active tension amplitude 
and Verapamil and Bay-
K 8644 inotropy 

5 
Iseoka et al., 2018 (Iseoka 
et al., 2018) 

N/A 37 

Inotropic effects of non-
cardiomyocytes on the 
hiPSC-CM FCS and 
contraction-relaxation 
velocity 

6 
Hayakawa et al., 2014 
(Hayakawa et al., 2014) 

N/A 37 
Contraction velocity 
profile 

7 
Rodriguez et al., 2014 
(Rodriguez et al., 2014) 

N/A 37 
Contraction velocity 
profile 

[Ca2+]e denotes the extracellular Ca2+ concentration. 
 
4.4 HCM and the drug-induced calibrations 

 
In Study III, the baseline metabolite-sensitive CE of the hiPSC-CM model 
incorporates the primary influences of contractile metabolic substances, including 
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Table 3 The values of the contractile element parameters for hiPSC-CM-CE (Forouzandehmehr, 
Koivumäki, et al., 2021) hiMCE, and hiMCES models. F1 and F2 represent DRX:SRX/(DRX:SRX)control 
ratio in the XB cycling. Kon, Knp and Kpn respectively indicate the rate constants for Ca2+ binding to 
troponin and the forward and backward transition rates between Pxb and Nxb states (Rice et al., 2008). 
nperm and perm50 respectively represent the Hill coefficient and the half-activation constant, 
communicating the nonlinearity of the cooperativity in Ca2+ activation of XBs (Rice et al., 2008). KoffL 
and KoffH respectively represent the rate constants controlling Ca2+ unbinding from low and high affinity 
sites on troponin (Rice et al., 2008). m denotes the mass term in the Rice CE model (Rice et al., 2008). 
kxb denotes the tension scaling coefficient described in (Forouzandehmehr, Koivumäki, et al., 2021). 
xbmodsp represents a species-dependent XB cycling rate scaling coefficient (Rice et al., 2008). The 
rate constant in the forward transition between XBpreR and XBpstR is represented by hf (Rice et al., 2008). 

# Parameter Rice2008 hiPSC-CM-CE hiMCE & hiMCES 
1 F1 1 1 1 
2 F2 1 1 1 
3 Kon (s-1 mM-1) 50×103 62.5×103 62.5×103 
4 KoffL (s-1) 250 200 200 
5 KoffH (s-1) 25 25 25 
6 perm50 0.5 0.6 0.6 
7 nperm 15 11.28 11.55 
8 Knp (s-1) 500 550 550 
9 Kpn (s-1) 50 50 50 
10 Koffmod 1 0.5 0.5 
11 m (s2 µm-1) 5×10-5 2×10-5 2×10-5 
12 kxb 120 12 13.1 
14 xbmodsp 1.33, 1, 0.2 0.2 0.2 
15 hf (s-1) 2000 2000 2000 

 
The experimental data obtained from hiPSC-CMs, which were used to reparametrize 
the computational CE model, consisted of the percentage of FCS, representing the 
preserved contractility of the CM (Pioner et al., 2020), the CRT50 (Clark et al., 2021), 
and the magnitude of active tension (Ruan et al., 2016).  

Pioner et al. provided contractile in vitro data of % of FCS of hiPSC-CMs single 
cell lines with long term maturation paced at 0.5, 1, or 2 Hz through field stimulation  
(Pioner et al., 2020). Ruan et al. offered collagen-based hiPSC-CMs EHTs 
encapsulating single cell lines, and reported the developed active tensions in 
spontaneous and paced beating, based on digital measurements of sarcomere length 
and force signals and normalization of force over the circular cross-section area of 
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EHT constructs (Ruan et al., 2016). Table 4 provides a succinct overview of the 
model reparameterization, specifically regarding the experimental findings of hiPSC-
CMs as documented in the referenced literature. 
 
Table 4 The hiPSC-CM experimental data behind the reparameterization of the hiPSC-CM-CE 
model. 

# Experimental Paper [Ca2+]e Temperature (℃) 
Target biomarkers of 
the calibration/results 
validations 

1 
Pioner et al., 2020 (Pioner 
et al., 2020) 

1.8 mM 37 % of FSC  

2 
Clarks et al., 2021 (Clark 
et al., 2021) 

1.8 mM 37 Contraction RT50 

3 
Yang et al., 2018 (Yang et 
al., 2018) 

1.8 mM 37 
% of FCS, Contraction 
RT25,  

4 
Ruan et al., 2016 (Ruan et 
al., 2016) 

1.8 mM 

Mechanical 
Measurements and 
drug tests at 37, 
Histological 
Measurements and 
microscopy at room 
temp. 

Active tension amplitude 
and Verapamil and Bay-
K 8644 inotropy 

5 
Iseoka et al., 2018 (Iseoka 
et al., 2018) 

N/A 37 

Inotropic effects of non-
cardiomyocytes on the 
hiPSC-CM FCS and 
contraction-relaxation 
velocity 

6 
Hayakawa et al., 2014 
(Hayakawa et al., 2014) 

N/A 37 
Contraction velocity 
profile 

7 
Rodriguez et al., 2014 
(Rodriguez et al., 2014) 

N/A 37 
Contraction velocity 
profile 

[Ca2+]e denotes the extracellular Ca2+ concentration. 
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In Study III, the baseline metabolite-sensitive CE of the hiPSC-CM model 
incorporates the primary influences of contractile metabolic substances, including 
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Table 3 The values of the contractile element parameters for hiPSC-CM-CE (Forouzandehmehr, 
Koivumäki, et al., 2021) hiMCE, and hiMCES models. F1 and F2 represent DRX:SRX/(DRX:SRX)control 
ratio in the XB cycling. Kon, Knp and Kpn respectively indicate the rate constants for Ca2+ binding to 
troponin and the forward and backward transition rates between Pxb and Nxb states (Rice et al., 2008). 
nperm and perm50 respectively represent the Hill coefficient and the half-activation constant, 
communicating the nonlinearity of the cooperativity in Ca2+ activation of XBs (Rice et al., 2008). KoffL 
and KoffH respectively represent the rate constants controlling Ca2+ unbinding from low and high affinity 
sites on troponin (Rice et al., 2008). m denotes the mass term in the Rice CE model (Rice et al., 2008). 
kxb denotes the tension scaling coefficient described in (Forouzandehmehr, Koivumäki, et al., 2021). 
xbmodsp represents a species-dependent XB cycling rate scaling coefficient (Rice et al., 2008). The 
rate constant in the forward transition between XBpreR and XBpstR is represented by hf (Rice et al., 2008). 

# Parameter Rice2008 hiPSC-CM-CE hiMCE & hiMCES 
1 F1 1 1 1 
2 F2 1 1 1 
3 Kon (s-1 mM-1) 50×103 62.5×103 62.5×103 
4 KoffL (s-1) 250 200 200 
5 KoffH (s-1) 25 25 25 
6 perm50 0.5 0.6 0.6 
7 nperm 15 11.28 11.55 
8 Knp (s-1) 500 550 550 
9 Kpn (s-1) 50 50 50 
10 Koffmod 1 0.5 0.5 
11 m (s2 µm-1) 5×10-5 2×10-5 2×10-5 
12 kxb 120 12 13.1 
14 xbmodsp 1.33, 1, 0.2 0.2 0.2 
15 hf (s-1) 2000 2000 2000 

 
The experimental data obtained from hiPSC-CMs, which were used to reparametrize 
the computational CE model, consisted of the percentage of FCS, representing the 
preserved contractility of the CM (Pioner et al., 2020), the CRT50 (Clark et al., 2021), 
and the magnitude of active tension (Ruan et al., 2016).  

Pioner et al. provided contractile in vitro data of % of FCS of hiPSC-CMs single 
cell lines with long term maturation paced at 0.5, 1, or 2 Hz through field stimulation  
(Pioner et al., 2020). Ruan et al. offered collagen-based hiPSC-CMs EHTs 
encapsulating single cell lines, and reported the developed active tensions in 
spontaneous and paced beating, based on digital measurements of sarcomere length 
and force signals and normalization of force over the circular cross-section area of 
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EHT constructs (Ruan et al., 2016). Table 4 provides a succinct overview of the 
model reparameterization, specifically regarding the experimental findings of hiPSC-
CMs as documented in the referenced literature. 
 
Table 4 The hiPSC-CM experimental data behind the reparameterization of the hiPSC-CM-CE 
model. 

# Experimental Paper [Ca2+]e Temperature (℃) 
Target biomarkers of 
the calibration/results 
validations 

1 
Pioner et al., 2020 (Pioner 
et al., 2020) 

1.8 mM 37 % of FSC  

2 
Clarks et al., 2021 (Clark 
et al., 2021) 

1.8 mM 37 Contraction RT50 

3 
Yang et al., 2018 (Yang et 
al., 2018) 

1.8 mM 37 
% of FCS, Contraction 
RT25,  

4 
Ruan et al., 2016 (Ruan et 
al., 2016) 
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Mechanical 
Measurements and 
drug tests at 37, 
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Measurements and 
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temp. 

Active tension amplitude 
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K 8644 inotropy 

5 
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et al., 2018) 
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cardiomyocytes on the 
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velocity 
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[Ca2+]e denotes the extracellular Ca2+ concentration. 
 
4.4 HCM and the drug-induced calibrations 

 
In Study III, the baseline metabolite-sensitive CE of the hiPSC-CM model 
incorporates the primary influences of contractile metabolic substances, including 
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MgATP, MgADP, Pi, and H+, on the mechanism of tension development, as 
observed in the original Tran et al. model. (Tran et al., 2010, 2017). I calibrated the 
baseline model to construct a model of MYH7R403Q/+ HCM, which exhibits modified 
myofilament kinetics. The model variant was developed by adjusting certain 
metabolic parameters in order to simulate a state that aligns with experimental 
findings of MYH7R403Q/+ HCM, as outlined in Table 5. 

The HCM model variant was derived by modifying the F1 and F2 values, as 
described in (Margara, Rodriguez, et al., 2021) and guided by the sensitivity tests 
previously reported in (Forouzandehmehr et al., 2022). Additionally, the 
concentration of MgADP was elevated, along with the reference value of Pi. The 
ap2 coefficient value was modified with regard to the hiMCE model sensitivity, as 
presented in Figure S2 of (Forouzandehmehr et al., 2022). 

 
Table 5 The parameters used in the HCM model variant. Pi_ref represents the reference value for 
inorganic phosphate (Pi) in the simulations. The variable ap2 plays a significant role in the XB 
detachment. The coefficients F1 and F2 play a key role in influencing pre-rotational states in XB cycling, 
as demonstrated in the study conducted by (Margara, Rodriguez, et al., 2021). 

# Parameter Control value Value in HCM model variant 
1 Pi_ref (mM) 2 18.9 
2 MgADP (mM) 36×10-3 72×10-3 

3 ap2 coef. 1 0.315 
4 F1 1 1.3 
5 F2 1 1.3 

 
In a computational study conducted by (Margara, Rodriguez, et al., 2021), it was 
postulated that the primary influence of MAVA is on the transitions between XBA 
and P states (Figure 13). This assumption is based on a disturbed DRX:SRX theory 
reported by (Toepfer et al., 2020). Following (Margara, Rodriguez, et al., 2021), I 
defined F1 and F2 coefficients denoting (DRX:SRX)/(DRX:SRX)control ratio which 
take 1 as the control value. Changing F1 and F2 indirectly affect the CE ATPase 
dynamics (Figure 13) in the model and maps the HCM-induced disturbed 
interfilament state onto the transition between the permissive state and the strongly 
attached myosin pre-isomerization state (Forouzandehmehr et al., 2022).  

In completion, I simulated the effect of MAVA expanding the affected parameter 
domain to achieve a thorough and precise analysis of the effect of 0.5 µM MAVA 
on the MYH7R403Q/+ HCM variant (Table 6). Experimental reports by (Awinda et 
al., 2020), (Alsulami & Marston, 2020), and (Green et al., 2016) guided the trends 
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taken in the MAVA-induced manual calibration regarding the effect of MAVA on 
Ca2+ activation and binding kinetics, Pi, and CE ATPase activity, respectively.    

Of note, the CE parameter sensitivity analysis done previously in 
(Forouzandehmehr, Koivumäki, et al., 2021) informed the alterations made in Kon 
and nperm values. Similarly, the CE sensitivity analysis reported in Fig. S4. of 
(Forouzandehmehr et al., 2022) guided the calibration of F1 and F2 coefficients. 
Further, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1 and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟3 coefficients and A-E, in Equations 4.8-4.12, values were 
found through trial and error. 

 
Table 6 The hiMCE model contractile element calibration to simulate the effect of Mavacamten. 
A, B, C, D, and E are coefficients in Equations. 4.8-4.12 affecting P-XBA interaction, Pi-dependent 
transition in P-XBA, XBA-XBB regulation, Proton-dependent transition in XBB-XBA, and MgATP-
dependent transition from XBB-P, respectively. BL represents the baseline value given in Table 3. The 
baseline values of A-E, ap1, ap3, F1, and F2 are equal to 1. 

# Parameter Values in 0.5 µM MAVA 
1 Kon(mM-1 s-1) BL × 1.048 
2 nperm BL × 0.688 
3 A 0.26 
4 B 0.4 
5 C 5.4 
6 D 0.4 
7 E 2.39 
8 ap1 coef. 1.45 
9 ap3 coef. 0.28 
10 F1 0.1 
11 F2 0.1 

 
To demonstrate, A regulates the transition from P to XBA, B modulates the Pi-
dependent transition from XBA to P, C adjusts the transition from XBA to XBB, D 
regulates the H+-dependent transition from XBB to XBA, and E impacts the MgATP-
dependent transition from XBB to P states (Forouzandehmehr et al., 2022). 
Correspondingly, the proposed modulations (A to E in Table 6) to Equations. 4.8-
4.12, are in line with a disturbed interfilament state that impacts the tension-
generating states of the XB as suggested in the etiology of MYH7R403Q/+ HCM (Nag 
et al., 2015b). My motivation for using A-E coefficients was the role of xbmodsp 
parameter in CRT50 observed in the sensitivity study before (Forouzandehmehr, 
Koivumäki, et al., 2021). In order to achieve a more precise simulation of the 

 

56 

MgATP, MgADP, Pi, and H+, on the mechanism of tension development, as 
observed in the original Tran et al. model. (Tran et al., 2010, 2017). I calibrated the 
baseline model to construct a model of MYH7R403Q/+ HCM, which exhibits modified 
myofilament kinetics. The model variant was developed by adjusting certain 
metabolic parameters in order to simulate a state that aligns with experimental 
findings of MYH7R403Q/+ HCM, as outlined in Table 5. 

The HCM model variant was derived by modifying the F1 and F2 values, as 
described in (Margara, Rodriguez, et al., 2021) and guided by the sensitivity tests 
previously reported in (Forouzandehmehr et al., 2022). Additionally, the 
concentration of MgADP was elevated, along with the reference value of Pi. The 
ap2 coefficient value was modified with regard to the hiMCE model sensitivity, as 
presented in Figure S2 of (Forouzandehmehr et al., 2022). 

 
Table 5 The parameters used in the HCM model variant. Pi_ref represents the reference value for 
inorganic phosphate (Pi) in the simulations. The variable ap2 plays a significant role in the XB 
detachment. The coefficients F1 and F2 play a key role in influencing pre-rotational states in XB cycling, 
as demonstrated in the study conducted by (Margara, Rodriguez, et al., 2021). 

# Parameter Control value Value in HCM model variant 
1 Pi_ref (mM) 2 18.9 
2 MgADP (mM) 36×10-3 72×10-3 

3 ap2 coef. 1 0.315 
4 F1 1 1.3 
5 F2 1 1.3 

 
In a computational study conducted by (Margara, Rodriguez, et al., 2021), it was 
postulated that the primary influence of MAVA is on the transitions between XBA 
and P states (Figure 13). This assumption is based on a disturbed DRX:SRX theory 
reported by (Toepfer et al., 2020). Following (Margara, Rodriguez, et al., 2021), I 
defined F1 and F2 coefficients denoting (DRX:SRX)/(DRX:SRX)control ratio which 
take 1 as the control value. Changing F1 and F2 indirectly affect the CE ATPase 
dynamics (Figure 13) in the model and maps the HCM-induced disturbed 
interfilament state onto the transition between the permissive state and the strongly 
attached myosin pre-isomerization state (Forouzandehmehr et al., 2022).  

In completion, I simulated the effect of MAVA expanding the affected parameter 
domain to achieve a thorough and precise analysis of the effect of 0.5 µM MAVA 
on the MYH7R403Q/+ HCM variant (Table 6). Experimental reports by (Awinda et 
al., 2020), (Alsulami & Marston, 2020), and (Green et al., 2016) guided the trends 
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taken in the MAVA-induced manual calibration regarding the effect of MAVA on 
Ca2+ activation and binding kinetics, Pi, and CE ATPase activity, respectively.    

Of note, the CE parameter sensitivity analysis done previously in 
(Forouzandehmehr, Koivumäki, et al., 2021) informed the alterations made in Kon 
and nperm values. Similarly, the CE sensitivity analysis reported in Fig. S4. of 
(Forouzandehmehr et al., 2022) guided the calibration of F1 and F2 coefficients. 
Further, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1 and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟3 coefficients and A-E, in Equations 4.8-4.12, values were 
found through trial and error. 

 
Table 6 The hiMCE model contractile element calibration to simulate the effect of Mavacamten. 
A, B, C, D, and E are coefficients in Equations. 4.8-4.12 affecting P-XBA interaction, Pi-dependent 
transition in P-XBA, XBA-XBB regulation, Proton-dependent transition in XBB-XBA, and MgATP-
dependent transition from XBB-P, respectively. BL represents the baseline value given in Table 3. The 
baseline values of A-E, ap1, ap3, F1, and F2 are equal to 1. 
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2 nperm BL × 0.688 
3 A 0.26 
4 B 0.4 
5 C 5.4 
6 D 0.4 
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8 ap1 coef. 1.45 
9 ap3 coef. 0.28 
10 F1 0.1 
11 F2 0.1 

 
To demonstrate, A regulates the transition from P to XBA, B modulates the Pi-
dependent transition from XBA to P, C adjusts the transition from XBA to XBB, D 
regulates the H+-dependent transition from XBB to XBA, and E impacts the MgATP-
dependent transition from XBB to P states (Forouzandehmehr et al., 2022). 
Correspondingly, the proposed modulations (A to E in Table 6) to Equations. 4.8-
4.12, are in line with a disturbed interfilament state that impacts the tension-
generating states of the XB as suggested in the etiology of MYH7R403Q/+ HCM (Nag 
et al., 2015b). My motivation for using A-E coefficients was the role of xbmodsp 
parameter in CRT50 observed in the sensitivity study before (Forouzandehmehr, 
Koivumäki, et al., 2021). In order to achieve a more precise simulation of the 
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MgATP, MgADP, Pi, and H+, on the mechanism of tension development, as 
observed in the original Tran et al. model. (Tran et al., 2010, 2017). I calibrated the 
baseline model to construct a model of MYH7R403Q/+ HCM, which exhibits modified 
myofilament kinetics. The model variant was developed by adjusting certain 
metabolic parameters in order to simulate a state that aligns with experimental 
findings of MYH7R403Q/+ HCM, as outlined in Table 5. 

The HCM model variant was derived by modifying the F1 and F2 values, as 
described in (Margara, Rodriguez, et al., 2021) and guided by the sensitivity tests 
previously reported in (Forouzandehmehr et al., 2022). Additionally, the 
concentration of MgADP was elevated, along with the reference value of Pi. The 
ap2 coefficient value was modified with regard to the hiMCE model sensitivity, as 
presented in Figure S2 of (Forouzandehmehr et al., 2022). 
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detachment. The coefficients F1 and F2 play a key role in influencing pre-rotational states in XB cycling, 
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3 ap2 coef. 1 0.315 
4 F1 1 1.3 
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In a computational study conducted by (Margara, Rodriguez, et al., 2021), it was 
postulated that the primary influence of MAVA is on the transitions between XBA 
and P states (Figure 13). This assumption is based on a disturbed DRX:SRX theory 
reported by (Toepfer et al., 2020). Following (Margara, Rodriguez, et al., 2021), I 
defined F1 and F2 coefficients denoting (DRX:SRX)/(DRX:SRX)control ratio which 
take 1 as the control value. Changing F1 and F2 indirectly affect the CE ATPase 
dynamics (Figure 13) in the model and maps the HCM-induced disturbed 
interfilament state onto the transition between the permissive state and the strongly 
attached myosin pre-isomerization state (Forouzandehmehr et al., 2022).  

In completion, I simulated the effect of MAVA expanding the affected parameter 
domain to achieve a thorough and precise analysis of the effect of 0.5 µM MAVA 
on the MYH7R403Q/+ HCM variant (Table 6). Experimental reports by (Awinda et 
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taken in the MAVA-induced manual calibration regarding the effect of MAVA on 
Ca2+ activation and binding kinetics, Pi, and CE ATPase activity, respectively.    

Of note, the CE parameter sensitivity analysis done previously in 
(Forouzandehmehr, Koivumäki, et al., 2021) informed the alterations made in Kon 
and nperm values. Similarly, the CE sensitivity analysis reported in Fig. S4. of 
(Forouzandehmehr et al., 2022) guided the calibration of F1 and F2 coefficients. 
Further, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1 and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟3 coefficients and A-E, in Equations 4.8-4.12, values were 
found through trial and error. 

 
Table 6 The hiMCE model contractile element calibration to simulate the effect of Mavacamten. 
A, B, C, D, and E are coefficients in Equations. 4.8-4.12 affecting P-XBA interaction, Pi-dependent 
transition in P-XBA, XBA-XBB regulation, Proton-dependent transition in XBB-XBA, and MgATP-
dependent transition from XBB-P, respectively. BL represents the baseline value given in Table 3. The 
baseline values of A-E, ap1, ap3, F1, and F2 are equal to 1. 

# Parameter Values in 0.5 µM MAVA 
1 Kon(mM-1 s-1) BL × 1.048 
2 nperm BL × 0.688 
3 A 0.26 
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5 C 5.4 
6 D 0.4 
7 E 2.39 
8 ap1 coef. 1.45 
9 ap3 coef. 0.28 
10 F1 0.1 
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To demonstrate, A regulates the transition from P to XBA, B modulates the Pi-
dependent transition from XBA to P, C adjusts the transition from XBA to XBB, D 
regulates the H+-dependent transition from XBB to XBA, and E impacts the MgATP-
dependent transition from XBB to P states (Forouzandehmehr et al., 2022). 
Correspondingly, the proposed modulations (A to E in Table 6) to Equations. 4.8-
4.12, are in line with a disturbed interfilament state that impacts the tension-
generating states of the XB as suggested in the etiology of MYH7R403Q/+ HCM (Nag 
et al., 2015b). My motivation for using A-E coefficients was the role of xbmodsp 
parameter in CRT50 observed in the sensitivity study before (Forouzandehmehr, 
Koivumäki, et al., 2021). In order to achieve a more precise simulation of the 
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concentration of MgADP was elevated, along with the reference value of Pi. The 
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defined F1 and F2 coefficients denoting (DRX:SRX)/(DRX:SRX)control ratio which 
take 1 as the control value. Changing F1 and F2 indirectly affect the CE ATPase 
dynamics (Figure 13) in the model and maps the HCM-induced disturbed 
interfilament state onto the transition between the permissive state and the strongly 
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In completion, I simulated the effect of MAVA expanding the affected parameter 
domain to achieve a thorough and precise analysis of the effect of 0.5 µM MAVA 
on the MYH7R403Q/+ HCM variant (Table 6). Experimental reports by (Awinda et 
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taken in the MAVA-induced manual calibration regarding the effect of MAVA on 
Ca2+ activation and binding kinetics, Pi, and CE ATPase activity, respectively.    

Of note, the CE parameter sensitivity analysis done previously in 
(Forouzandehmehr, Koivumäki, et al., 2021) informed the alterations made in Kon 
and nperm values. Similarly, the CE sensitivity analysis reported in Fig. S4. of 
(Forouzandehmehr et al., 2022) guided the calibration of F1 and F2 coefficients. 
Further, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1 and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟3 coefficients and A-E, in Equations 4.8-4.12, values were 
found through trial and error. 

 
Table 6 The hiMCE model contractile element calibration to simulate the effect of Mavacamten. 
A, B, C, D, and E are coefficients in Equations. 4.8-4.12 affecting P-XBA interaction, Pi-dependent 
transition in P-XBA, XBA-XBB regulation, Proton-dependent transition in XBB-XBA, and MgATP-
dependent transition from XBB-P, respectively. BL represents the baseline value given in Table 3. The 
baseline values of A-E, ap1, ap3, F1, and F2 are equal to 1. 

# Parameter Values in 0.5 µM MAVA 
1 Kon(mM-1 s-1) BL × 1.048 
2 nperm BL × 0.688 
3 A 0.26 
4 B 0.4 
5 C 5.4 
6 D 0.4 
7 E 2.39 
8 ap1 coef. 1.45 
9 ap3 coef. 0.28 
10 F1 0.1 
11 F2 0.1 

 
To demonstrate, A regulates the transition from P to XBA, B modulates the Pi-
dependent transition from XBA to P, C adjusts the transition from XBA to XBB, D 
regulates the H+-dependent transition from XBB to XBA, and E impacts the MgATP-
dependent transition from XBB to P states (Forouzandehmehr et al., 2022). 
Correspondingly, the proposed modulations (A to E in Table 6) to Equations. 4.8-
4.12, are in line with a disturbed interfilament state that impacts the tension-
generating states of the XB as suggested in the etiology of MYH7R403Q/+ HCM (Nag 
et al., 2015b). My motivation for using A-E coefficients was the role of xbmodsp 
parameter in CRT50 observed in the sensitivity study before (Forouzandehmehr, 
Koivumäki, et al., 2021). In order to achieve a more precise simulation of the 
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impaired relaxation restored by 0.5 µM MAVA, I found that solely modifying 
xbmodsp would not suffice. Therefore, the A-E values were employed to provide 
an optimized distribution of xbmodsp effect on the contractile machinary. 

 
𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑟𝑟𝑟𝑟 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.8) 
𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 × 𝐵𝐵𝐵𝐵 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.9) 
ℎ𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 = ℎ𝑓𝑓𝑓𝑓 × ℎ𝑓𝑓𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 × 𝐶𝐶𝐶𝐶 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄ℎ𝑓𝑓𝑓𝑓

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.10) 
ℎ𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑 = ℎ𝑏𝑏𝑏𝑏 × 𝑟𝑟𝑟𝑟 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄ℎ𝑏𝑏𝑏𝑏

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.11) 
𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏 × max (𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 1) × 𝐸𝐸𝐸𝐸 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.12) 
 
The thin filament regulation and XB cycling parameters ℎ𝑏𝑏𝑏𝑏, 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 and 
temperature dependences 𝑄𝑄𝑄𝑄ℎ𝑏𝑏𝑏𝑏, 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥, 𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 values were directly adopted from (Rice 
et al., 2008). Also, 𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 regulates the strain-dependent rate of myosin heads defined 
in (Rice et al., 2008).  

In Study III, the parameters of the hiMCE model were modified to simulate the 
impact of 5 µM BLEB and 1 µM OM, as well as to recapitulate the dose-dependent 
influence of BLEB and OM on the normalized tension. The specific values of these 
parameters can be found in (Forouzandehmehr et al., 2022). 

Table 7 summarizes the in vitro data used for calibration and validations of the 
hiMCE model (Study III) readouts (Forouzandehmehr et al., 2022). 
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impaired relaxation restored by 0.5 µM MAVA, I found that solely modifying 
xbmodsp would not suffice. Therefore, the A-E values were employed to provide 
an optimized distribution of xbmodsp effect on the contractile machinary. 

 
𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑟𝑟𝑟𝑟 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.8) 
𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 × 𝐵𝐵𝐵𝐵 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.9) 
ℎ𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 = ℎ𝑓𝑓𝑓𝑓 × ℎ𝑓𝑓𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 × 𝐶𝐶𝐶𝐶 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄ℎ𝑓𝑓𝑓𝑓

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.10) 
ℎ𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑 = ℎ𝑏𝑏𝑏𝑏 × 𝑟𝑟𝑟𝑟 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄ℎ𝑏𝑏𝑏𝑏

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.11) 
𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏 × max (𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 1) × 𝐸𝐸𝐸𝐸 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.12) 
 
The thin filament regulation and XB cycling parameters ℎ𝑏𝑏𝑏𝑏, 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 and 
temperature dependences 𝑄𝑄𝑄𝑄ℎ𝑏𝑏𝑏𝑏, 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥, 𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 values were directly adopted from (Rice 
et al., 2008). Also, 𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 regulates the strain-dependent rate of myosin heads defined 
in (Rice et al., 2008).  

In Study III, the parameters of the hiMCE model were modified to simulate the 
impact of 5 µM BLEB and 1 µM OM, as well as to recapitulate the dose-dependent 
influence of BLEB and OM on the normalized tension. The specific values of these 
parameters can be found in (Forouzandehmehr et al., 2022). 

Table 7 summarizes the in vitro data used for calibration and validations of the 
hiMCE model (Study III) readouts (Forouzandehmehr et al., 2022). 
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impaired relaxation restored by 0.5 µM MAVA, I found that solely modifying 
xbmodsp would not suffice. Therefore, the A-E values were employed to provide 
an optimized distribution of xbmodsp effect on the contractile machinary. 

 
𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑟𝑟𝑟𝑟 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.8) 
𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 × 𝐵𝐵𝐵𝐵 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.9) 
ℎ𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 = ℎ𝑓𝑓𝑓𝑓 × ℎ𝑓𝑓𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 × 𝐶𝐶𝐶𝐶 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄ℎ𝑓𝑓𝑓𝑓

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.10) 
ℎ𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑 = ℎ𝑏𝑏𝑏𝑏 × 𝑟𝑟𝑟𝑟 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄ℎ𝑏𝑏𝑏𝑏

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.11) 
𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏 × max (𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 1) × 𝐸𝐸𝐸𝐸 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.12) 
 
The thin filament regulation and XB cycling parameters ℎ𝑏𝑏𝑏𝑏, 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 and 
temperature dependences 𝑄𝑄𝑄𝑄ℎ𝑏𝑏𝑏𝑏, 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥, 𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 values were directly adopted from (Rice 
et al., 2008). Also, 𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 regulates the strain-dependent rate of myosin heads defined 
in (Rice et al., 2008).  

In Study III, the parameters of the hiMCE model were modified to simulate the 
impact of 5 µM BLEB and 1 µM OM, as well as to recapitulate the dose-dependent 
influence of BLEB and OM on the normalized tension. The specific values of these 
parameters can be found in (Forouzandehmehr et al., 2022). 

Table 7 summarizes the in vitro data used for calibration and validations of the 
hiMCE model (Study III) readouts (Forouzandehmehr et al., 2022). 
 

Ca
lib

ra
tio

n 

(T
oe

pfe
r e

t a
l., 

20
20

) 

hiP
SC

-C
Ms

 
 

33
%

 
inc

re
as

e 
of 

ten
sio

n 
re

lax
ati

on
 

in 
R4

03
Q 

Fig
. 3

C 

hiP
SC

-C
M 

ce
ll l

ine
s a

t d
ay

 30
 po

st-
dif

fer
en

tia
tio

n, 

Co
rre

ct
ed

 
ten

sio
n 

re
lax

ati
on

 du
e 

to MA
VA

 
in R4

03
Q 

Th
e 

fra
cti

on
al 

ce
ll 

sh
or

ten
ing

 
in 

R4
03

Q 

Fig
. 3

F 

(G
re

en
 et

 al
., 2

01
6; 

To
ep

fer
 et

 al
., 2

02
0)

 

hiP
SC

-C
Ms

, 
Mu

rin
e 

Re
du

cti
on

 in
 

fra
cti

on
al 

ce
ll 

sh
or

ten
ing

 du
e t

o 
MA

VA
 

Fig
. 3

F 

hiP
SC

-C
M 

ce
ll l

ine
s 

at 
da

y 3
0 p

os
t-

dif
fer

en
tia

tio
n, 

iso
lat

ed
 ad

ult
 ra

t 
ve

ntr
icu

lar
 

ca
rd

iom
yo

cy
tes

 
tre

ate
d w

ith
 

inc
re

as
ing

 
co

nc
en

tra
tio

ns
 of

 
MA

VA
 

 

59 

(A
wi

nd
a e

t a
l., 

20
20

; G
re

en
 

et 
al.

, 2
01

6)
 

Mu
rin

e, 
Hu

ma
n 

Re
du

cti
on

 in
 

ma
xim

um
 

ten
sio

n d
ue

 to
 

MA
VA

 

Fig
. 3

C 

Iso
lat

ed
 ad

ult
 

ra
t v

en
tric

ula
r 

ca
rd

iom
yo

cy
te

s, 
sk

inn
ed

 
hu

ma
n 

my
oc

ar
dia

l 
str

ips
 

(K
am

po
ur

ak
is 

et 
al.

, 2
01

8)
 

Ra
t 

Ch
an

ge
 in

 
pC

a5
0, 

Hi
ll 

co
eff

ici
en

t, 
an

d m
ax

im
um

 
ten

sio
n d

ue
 to

 
OM

 an
d B

LE
B 

Ta
ble

 7,
 F

ig.
 

4A
 

De
me

mb
ra

na
t

ed
 ra

t 
ve

ntr
icu

lar
 

tra
be

cu
lae

 

OM
 an

d B
LE

B 
do

se
-

de
pe

nd
en

t 
co

ntr
ac

tile
 

re
sp

on
se

 

Fig
. 4

D&
E 

 

Va
lid

at
io

n 

(S
ew

an
an

 et
 

al.
, 2

01
9)

 

hiP
SC

-C
Ms

 
 

Th
e 

un
aff

ec
ted

 
Ca

T 
in 

R4
03

Q 

Fig
. 3

B 

En
gin

ee
re

d 
he

ar
t ti

ss
ue

s 
ma

de
 of

 
hiP

SC
-C

Ms
 

on
 

de
ce

llu
lar

ize
d 

po
rci

ne
 le

ft 
ve

ntr
icu

lar
 

tis
su

e b
loc

ks
 

(N
ag

 et
 al

., 
20

15
b; 

Sa
rka

r 
et 

al.
, 2

02
0)

 

Hu
ma

n, 
hiP

SC
-C

Ms
 

Ne
gli

gib
le 

ch
an

ge
 in

 
AT

Pa
se

 in
 

R4
03

Q 

Fig
. 3

D 

Hu
ma

n β
-

ca
rd

iac
 

my
os

in 

(G
re

en
 et

 
al.

, 2
01

6)
 

Mu
rin

e 

Un
ch

an
ge

d 
Ca

T 
an

d 
pC

a 5
0 in

 
Te

ns
ion

-
pC

a c
ur

ve
 

du
e t

o 
MA

VA
 

Fig
. 3

B,
 F

ig.
 

S1
 

Iso
lat

ed
 

ad
ult

 ra
t 

ve
ntr

icu
lar

 
ca

rd
iom

yo
c

yte
s 

(R
oh

de
 et

 al
., 

20
18

) 
(K

aw
as

 et
 al

., 
20

17
) 

(G
re

en
 et

 al
., 

20
16

) 
(G

oll
ap

ud
i e

t a
l., 

20
21

) 

Hu
ma

n, 
Po

rci
ne

, B
ov

ine
, 

an
d M

ur
ine

 

Re
du

cti
on

 in
 

AT
Pa

se
 ra

te 
du

e t
o M

AV
A 

Fig
. 3

D 

Hu
ma

n β
-

ca
rd

iac
 m

yo
sin

, 
Po

rci
ne

 an
d 

Bo
vin

e 
ve

ntr
icu

lar
 

my
os

in,
 m

ou
se

 
ca

rd
iac

 
my

ofi
br

ils
 

(K
aw

as
 et

 al
., 

20
17

) 

Hu
ma

n &
 

Bo
vin

e 

Sl
ow

ed
 

re
lax

ati
on

 in
 

AT
Pa

se
 ra

te 
du

e t
o M

AV
A 

Fig
. 3

D 

Hu
ma

n a
nd

 
bo

vin
e c

ar
dia

c 
my

os
ins

 

(S
ze

nta
nd

ra
ss

y e
t a

l., 
20

16
) 

Ca
nin

e 

Ch
an

ge
 in

 
AP

D 
du

e t
o 1

 
µM

 O
M 

Fig
. 5

A 

Le
ft 

ve
ntr

icu
lar

 
sin

gle
 ca

nin
e 

my
oc

yte
s 

(B
ak

ke
ha

ug
 et

 
al.

, 2
01

5; 
Ut

ter
 et

 al
., 

20
15

) 

Mu
rin

e 
Po

rci
ne

 

AT
Pa

se
 ba

sa
l 

va
lue

 in
cre

as
e 

du
e t

o O
M 

Fig
. 5

B 

Ex
 vi

vo
 

mo
us

e a
nd

 in
 

viv
o p

ig 
he

ar
ts 

Ta
bl

e 7
 S

um
ma

ry 
of 

the
 in

 vi
tro

 da
ta 

be
hin

d t
he

 hi
MC

E 
in 

sil
ico

 m
od

el.
 

 

58 

impaired relaxation restored by 0.5 µM MAVA, I found that solely modifying 
xbmodsp would not suffice. Therefore, the A-E values were employed to provide 
an optimized distribution of xbmodsp effect on the contractile machinary. 

 
𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑟𝑟𝑟𝑟 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.8) 
𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 × 𝐵𝐵𝐵𝐵 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.9) 
ℎ𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 = ℎ𝑓𝑓𝑓𝑓 × ℎ𝑓𝑓𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 × 𝐶𝐶𝐶𝐶 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄ℎ𝑓𝑓𝑓𝑓

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.10) 
ℎ𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑 = ℎ𝑏𝑏𝑏𝑏 × 𝑟𝑟𝑟𝑟 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄ℎ𝑏𝑏𝑏𝑏

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.11) 
𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏 × max (𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 1) × 𝐸𝐸𝐸𝐸 × 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 × 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

((𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑−37)/10) (4.12) 
 
The thin filament regulation and XB cycling parameters ℎ𝑏𝑏𝑏𝑏, 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 and 
temperature dependences 𝑄𝑄𝑄𝑄ℎ𝑏𝑏𝑏𝑏, 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥, 𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 values were directly adopted from (Rice 
et al., 2008). Also, 𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 regulates the strain-dependent rate of myosin heads defined 
in (Rice et al., 2008).  

In Study III, the parameters of the hiMCE model were modified to simulate the 
impact of 5 µM BLEB and 1 µM OM, as well as to recapitulate the dose-dependent 
influence of BLEB and OM on the normalized tension. The specific values of these 
parameters can be found in (Forouzandehmehr et al., 2022). 

Table 7 summarizes the in vitro data used for calibration and validations of the 
hiMCE model (Study III) readouts (Forouzandehmehr et al., 2022). 
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4.5 Integrating a metabolite-sensitive SERCA model into 

hiMCE 
 

In Study IV, an expansion of the model was undertaken to incorporate a more 
sophisticated electro-mechano-energetic coupling. This was achieved by integrating 
a thermodynamic 2-state model of the SERCA pump (Tran et al., 2009) into the 
hiMCE framework. The resulting model, referred to as hiMCES, was then utilized 
to investigate the pathophysiology of I/R, arrhythmia, and the impact of 
Levosimendan (Simdax®, Orion Corporation). The selection of the 2-state SERCA 
pump over the 3-state variant was determined by the findings presented in (Tran et 
al., 2009). The data provided in (Tran et al., 2009) demonstrated that both models 
exhibit identical behavior within the micromolar range of MgATP, which aligns with 
the working range of Study IV as indicated in Table 7. 

The schematic representation of the hiMCES model, which includes the essential 
states and transitions of the CE and SERCA, is depicted in Figure 13. The SERCA 
pump is an enzyme classified as a P-type ATPase, which plays a crucial role in the 
functioning of skeletal (SERCA1a) and cardiac (SERCA2a) muscles (Tran et al., 
2009). The previous literature has extensively discussed the equations that describe 
the ionic and contractile components of hiMCES (Forouzandehmehr et al., 2022; 
Forouzandehmehr, Koivumäki, et al., 2021; Paci et al., 2018). In this section, the 
mathematical formulation of the SERCA pump utilized in the hiMCES model is 
presented. 

Tran et al., (Tran et al., 2009), developed a thermodynamic model of the SERCA 
that incorporates rapid equilibrium assumptions relevant to physiological and 
ischemic conditions. This model is based on the E1-E2 model of Ca2+ transport in 
SERCA proposed by (Makinose, 1973; Meis & Vianna, 1979). Additionally, the 
model includes proton (H+) binding kinetics to account for pH-dependent effects. 
The apparent forward rates, as given in Figure 13, are explicitly defined as: 
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Figure 13 Schematics of the hiMCES model in Study IV. Left: SERCA pump 2-state model capturing 

the release of APD and Pi. The apparent rate constants, namely, ap1, ap2, am1, and am2 are 
contingent upon the concentrations of cytosolic and SR Ca2+, protons, and SERCA 
dissociation constants. Pcyt: lumped states of MgATP, H+, and Cai binding in cytosol. PSRLumen: 
lumped states of MgADP, H+, and Ca2+ binding in SR (Tran et al., 2009).  Center: schematic 
of hiMCES main cell compartments, the ionic currents, and the model extracellular oxygen 
dynamics. Right: Schematic of the 4-state myofilament crossbridge (XB) cycling of hiMCES. 
T: troponin, TCa: Ca2+ bound troponin, N: off state prohibiting XB formation, PXB:  XB formation 
permissive state, XBA: strongly bound XBs prior to isomerized rotation, XBB: XBs in strongly 
bound post isomerized rotation state, AM1 and AM2 denote strongly-bound rapid equilibrium 
substates equally contributing to the generation of tension (Tran et al., 2010), DRX: 
Disordered relaxed state, SRX: Super relaxed state. 

 
 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1 =
𝑘𝑘𝑘𝑘2+𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ 𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2
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   (4.13) 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 =
𝑘𝑘𝑘𝑘3+𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(1+𝐻̂𝐻𝐻𝐻)+𝐻̂𝐻𝐻𝐻(1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 )   (4.14) 

The apparent backward rates are given as: 

𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥1 =
𝑘𝑘𝑘𝑘2−[𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 𝐻̂𝐻𝐻𝐻
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𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥2 =
𝑘𝑘𝑘𝑘3−[𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖]𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖
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   (4.16) 

where 
𝐶𝐶𝐶𝐶𝑟̂𝑟𝑟𝑟𝑖𝑖𝑖𝑖 =

[𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎2+]𝑖𝑖𝑖𝑖
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖

, 𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖 =
[𝐻𝐻𝐻𝐻+]𝑛𝑛𝑛𝑛𝐻𝐻𝐻𝐻
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖

, 𝐻̂𝐻𝐻𝐻1 =
[𝐻𝐻𝐻𝐻+]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻1
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hiMCE 
 

In Study IV, an expansion of the model was undertaken to incorporate a more 
sophisticated electro-mechano-energetic coupling. This was achieved by integrating 
a thermodynamic 2-state model of the SERCA pump (Tran et al., 2009) into the 
hiMCE framework. The resulting model, referred to as hiMCES, was then utilized 
to investigate the pathophysiology of I/R, arrhythmia, and the impact of 
Levosimendan (Simdax®, Orion Corporation). The selection of the 2-state SERCA 
pump over the 3-state variant was determined by the findings presented in (Tran et 
al., 2009). The data provided in (Tran et al., 2009) demonstrated that both models 
exhibit identical behavior within the micromolar range of MgATP, which aligns with 
the working range of Study IV as indicated in Table 7. 

The schematic representation of the hiMCES model, which includes the essential 
states and transitions of the CE and SERCA, is depicted in Figure 13. The SERCA 
pump is an enzyme classified as a P-type ATPase, which plays a crucial role in the 
functioning of skeletal (SERCA1a) and cardiac (SERCA2a) muscles (Tran et al., 
2009). The previous literature has extensively discussed the equations that describe 
the ionic and contractile components of hiMCES (Forouzandehmehr et al., 2022; 
Forouzandehmehr, Koivumäki, et al., 2021; Paci et al., 2018). In this section, the 
mathematical formulation of the SERCA pump utilized in the hiMCES model is 
presented. 

Tran et al., (Tran et al., 2009), developed a thermodynamic model of the SERCA 
that incorporates rapid equilibrium assumptions relevant to physiological and 
ischemic conditions. This model is based on the E1-E2 model of Ca2+ transport in 
SERCA proposed by (Makinose, 1973; Meis & Vianna, 1979). Additionally, the 
model includes proton (H+) binding kinetics to account for pH-dependent effects. 
The apparent forward rates, as given in Figure 13, are explicitly defined as: 
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Figure 13 Schematics of the hiMCES model in Study IV. Left: SERCA pump 2-state model capturing 

the release of APD and Pi. The apparent rate constants, namely, ap1, ap2, am1, and am2 are 
contingent upon the concentrations of cytosolic and SR Ca2+, protons, and SERCA 
dissociation constants. Pcyt: lumped states of MgATP, H+, and Cai binding in cytosol. PSRLumen: 
lumped states of MgADP, H+, and Ca2+ binding in SR (Tran et al., 2009).  Center: schematic 
of hiMCES main cell compartments, the ionic currents, and the model extracellular oxygen 
dynamics. Right: Schematic of the 4-state myofilament crossbridge (XB) cycling of hiMCES. 
T: troponin, TCa: Ca2+ bound troponin, N: off state prohibiting XB formation, PXB:  XB formation 
permissive state, XBA: strongly bound XBs prior to isomerized rotation, XBB: XBs in strongly 
bound post isomerized rotation state, AM1 and AM2 denote strongly-bound rapid equilibrium 
substates equally contributing to the generation of tension (Tran et al., 2010), DRX: 
Disordered relaxed state, SRX: Super relaxed state. 
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4.5 Integrating a metabolite-sensitive SERCA model into 

hiMCE 
 

In Study IV, an expansion of the model was undertaken to incorporate a more 
sophisticated electro-mechano-energetic coupling. This was achieved by integrating 
a thermodynamic 2-state model of the SERCA pump (Tran et al., 2009) into the 
hiMCE framework. The resulting model, referred to as hiMCES, was then utilized 
to investigate the pathophysiology of I/R, arrhythmia, and the impact of 
Levosimendan (Simdax®, Orion Corporation). The selection of the 2-state SERCA 
pump over the 3-state variant was determined by the findings presented in (Tran et 
al., 2009). The data provided in (Tran et al., 2009) demonstrated that both models 
exhibit identical behavior within the micromolar range of MgATP, which aligns with 
the working range of Study IV as indicated in Table 7. 

The schematic representation of the hiMCES model, which includes the essential 
states and transitions of the CE and SERCA, is depicted in Figure 13. The SERCA 
pump is an enzyme classified as a P-type ATPase, which plays a crucial role in the 
functioning of skeletal (SERCA1a) and cardiac (SERCA2a) muscles (Tran et al., 
2009). The previous literature has extensively discussed the equations that describe 
the ionic and contractile components of hiMCES (Forouzandehmehr et al., 2022; 
Forouzandehmehr, Koivumäki, et al., 2021; Paci et al., 2018). In this section, the 
mathematical formulation of the SERCA pump utilized in the hiMCES model is 
presented. 

Tran et al., (Tran et al., 2009), developed a thermodynamic model of the SERCA 
that incorporates rapid equilibrium assumptions relevant to physiological and 
ischemic conditions. This model is based on the E1-E2 model of Ca2+ transport in 
SERCA proposed by (Makinose, 1973; Meis & Vianna, 1979). Additionally, the 
model includes proton (H+) binding kinetics to account for pH-dependent effects. 
The apparent forward rates, as given in Figure 13, are explicitly defined as: 
 

 

61 

 
Figure 13 Schematics of the hiMCES model in Study IV. Left: SERCA pump 2-state model capturing 

the release of APD and Pi. The apparent rate constants, namely, ap1, ap2, am1, and am2 are 
contingent upon the concentrations of cytosolic and SR Ca2+, protons, and SERCA 
dissociation constants. Pcyt: lumped states of MgATP, H+, and Cai binding in cytosol. PSRLumen: 
lumped states of MgADP, H+, and Ca2+ binding in SR (Tran et al., 2009).  Center: schematic 
of hiMCES main cell compartments, the ionic currents, and the model extracellular oxygen 
dynamics. Right: Schematic of the 4-state myofilament crossbridge (XB) cycling of hiMCES. 
T: troponin, TCa: Ca2+ bound troponin, N: off state prohibiting XB formation, PXB:  XB formation 
permissive state, XBA: strongly bound XBs prior to isomerized rotation, XBB: XBs in strongly 
bound post isomerized rotation state, AM1 and AM2 denote strongly-bound rapid equilibrium 
substates equally contributing to the generation of tension (Tran et al., 2010), DRX: 
Disordered relaxed state, SRX: Super relaxed state. 

 
 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1 =
𝑘𝑘𝑘𝑘2+𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ 𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2

𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ 𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2+𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖(1+𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ (1+𝐻̂𝐻𝐻𝐻1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2))
   (4.13) 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 =
𝑘𝑘𝑘𝑘3+𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(1+𝐻̂𝐻𝐻𝐻)+𝐻̂𝐻𝐻𝐻(1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 )   (4.14) 

The apparent backward rates are given as: 

𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥1 =
𝑘𝑘𝑘𝑘2−[𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 𝐻̂𝐻𝐻𝐻

𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(1+𝐻̂𝐻𝐻𝐻)+𝐻̂𝐻𝐻𝐻(1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 )  (4.15) 

𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥2 =
𝑘𝑘𝑘𝑘3−[𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖]𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖

𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ 𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2+𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖(1+𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ (1+𝐻̂𝐻𝐻𝐻1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2))
   (4.16) 

where 
𝐶𝐶𝐶𝐶𝑟̂𝑟𝑟𝑟𝑖𝑖𝑖𝑖 =

[𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎2+]𝑖𝑖𝑖𝑖
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖

, 𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖 =
[𝐻𝐻𝐻𝐻+]𝑛𝑛𝑛𝑛𝐻𝐻𝐻𝐻
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖

, 𝐻̂𝐻𝐻𝐻1 =
[𝐻𝐻𝐻𝐻+]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻1

, 
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4.5 Integrating a metabolite-sensitive SERCA model into 

hiMCE 
 

In Study IV, an expansion of the model was undertaken to incorporate a more 
sophisticated electro-mechano-energetic coupling. This was achieved by integrating 
a thermodynamic 2-state model of the SERCA pump (Tran et al., 2009) into the 
hiMCE framework. The resulting model, referred to as hiMCES, was then utilized 
to investigate the pathophysiology of I/R, arrhythmia, and the impact of 
Levosimendan (Simdax®, Orion Corporation). The selection of the 2-state SERCA 
pump over the 3-state variant was determined by the findings presented in (Tran et 
al., 2009). The data provided in (Tran et al., 2009) demonstrated that both models 
exhibit identical behavior within the micromolar range of MgATP, which aligns with 
the working range of Study IV as indicated in Table 7. 

The schematic representation of the hiMCES model, which includes the essential 
states and transitions of the CE and SERCA, is depicted in Figure 13. The SERCA 
pump is an enzyme classified as a P-type ATPase, which plays a crucial role in the 
functioning of skeletal (SERCA1a) and cardiac (SERCA2a) muscles (Tran et al., 
2009). The previous literature has extensively discussed the equations that describe 
the ionic and contractile components of hiMCES (Forouzandehmehr et al., 2022; 
Forouzandehmehr, Koivumäki, et al., 2021; Paci et al., 2018). In this section, the 
mathematical formulation of the SERCA pump utilized in the hiMCES model is 
presented. 

Tran et al., (Tran et al., 2009), developed a thermodynamic model of the SERCA 
that incorporates rapid equilibrium assumptions relevant to physiological and 
ischemic conditions. This model is based on the E1-E2 model of Ca2+ transport in 
SERCA proposed by (Makinose, 1973; Meis & Vianna, 1979). Additionally, the 
model includes proton (H+) binding kinetics to account for pH-dependent effects. 
The apparent forward rates, as given in Figure 13, are explicitly defined as: 
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Figure 13 Schematics of the hiMCES model in Study IV. Left: SERCA pump 2-state model capturing 

the release of APD and Pi. The apparent rate constants, namely, ap1, ap2, am1, and am2 are 
contingent upon the concentrations of cytosolic and SR Ca2+, protons, and SERCA 
dissociation constants. Pcyt: lumped states of MgATP, H+, and Cai binding in cytosol. PSRLumen: 
lumped states of MgADP, H+, and Ca2+ binding in SR (Tran et al., 2009).  Center: schematic 
of hiMCES main cell compartments, the ionic currents, and the model extracellular oxygen 
dynamics. Right: Schematic of the 4-state myofilament crossbridge (XB) cycling of hiMCES. 
T: troponin, TCa: Ca2+ bound troponin, N: off state prohibiting XB formation, PXB:  XB formation 
permissive state, XBA: strongly bound XBs prior to isomerized rotation, XBB: XBs in strongly 
bound post isomerized rotation state, AM1 and AM2 denote strongly-bound rapid equilibrium 
substates equally contributing to the generation of tension (Tran et al., 2010), DRX: 
Disordered relaxed state, SRX: Super relaxed state. 

 
 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1 =
𝑘𝑘𝑘𝑘2+𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ 𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2

𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ 𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2+𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖(1+𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ (1+𝐻̂𝐻𝐻𝐻1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2))
   (4.13) 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 =
𝑘𝑘𝑘𝑘3+𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(1+𝐻̂𝐻𝐻𝐻)+𝐻̂𝐻𝐻𝐻(1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 )   (4.14) 

The apparent backward rates are given as: 

𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥1 =
𝑘𝑘𝑘𝑘2−[𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 𝐻̂𝐻𝐻𝐻

𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(1+𝐻̂𝐻𝐻𝐻)+𝐻̂𝐻𝐻𝐻(1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 )  (4.15) 

𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥2 =
𝑘𝑘𝑘𝑘3−[𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖]𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖

𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ 𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2+𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖(1+𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴̂ (1+𝐻̂𝐻𝐻𝐻1+𝐶𝐶𝐶𝐶𝑎̂𝑎𝑎𝑎𝑖𝑖𝑖𝑖2))
   (4.16) 

where 
𝐶𝐶𝐶𝐶𝑟̂𝑟𝑟𝑟𝑖𝑖𝑖𝑖 =

[𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎2+]𝑖𝑖𝑖𝑖
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖

, 𝐻̂𝐻𝐻𝐻𝑖𝑖𝑖𝑖 =
[𝐻𝐻𝐻𝐻+]𝑛𝑛𝑛𝑛𝐻𝐻𝐻𝐻
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖

, 𝐻̂𝐻𝐻𝐻1 =
[𝐻𝐻𝐻𝐻+]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻1

, 
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𝐶𝐶𝐶𝐶𝑟̂𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
[𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎2+]𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

, 𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
[𝐻𝐻𝐻𝐻+]𝑛𝑛𝑛𝑛𝐻𝐻𝐻𝐻
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

, 𝐻̂𝐻𝐻𝐻 = [𝐻𝐻𝐻𝐻+]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻

, 𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟̂ = [𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 =
𝑘𝑘𝑘𝑘1−

𝑘𝑘𝑘𝑘1+
= 𝑘𝑘𝑘𝑘2+𝑘𝑘𝑘𝑘3+𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻

𝑘𝑘𝑘𝑘2−𝑘𝑘𝑘𝑘3−𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖2 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝
∆𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
0 /𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (4.17) 

 
The values of the constants have been provided in Table 11. The rate at which the 
cycling SERCA pump operates, measured in units of s-1, is defined as: 

 
𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2−𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠1𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠2
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2+𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠1+𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠2

  (4.18) 

 
According to (Liu et al., 2016, 2019), the flux of the SERCA pump, denoted as Iup, 
can be determined by multiplying the rate of calcium uptake into the SR (vcle) by a 
scaling factor, S. This scaling factor, as described in Equation 4.19, is equivalent to 
the ratio of the maximum Iup simulated using the original formulation in the hiMCE 
model to the maximum vcle simulated under control conditions. 
 

𝐼𝐼𝐼𝐼𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎 = 𝑆𝑆𝑆𝑆 × 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 (4.19) 
 

 
4.6 Modeling of ischemia/reperfusion 
 
4.6.1 Ischemia 

 
In accordance with a well-established framework (Dutta et al., 2017; Ledezma et al., 
2019; Rodriguez et al., 2006; Weiss et al., 2009), the severity of ischemia was classified 
into two distinct stages, namely SEV1 and SEV2. SEV1 represents a mild model, 
encompassing the period from the onset of the insult to 5 minutes post-insult. On 
the other hand, SEV2 corresponds to a severe model, occurring between 10 and 12 
minutes after the ischemic insult. I simulated the ischemia at two different severity 
levels by utilizing the data provided in Table 7. The induction of hyperkalemia was 
achieved by changing the extracellular K+ concentration, specifically by consistently 
increasing it to 6.25 and 9 mM. This methodology aligns with the approach utilized 
in previous studies conducted by (Kazbanov et al., 2014; Ledezma et al., 2019). 
Acidosis was simulated by reducing the maximum conductances of INa and ICaL by 
12.5% and 25% respectively, consistently with (Kazbanov et al., 2014; Ledezma et 
al., 2019). Likewise, I also attenuated INaL. The hiMCES model incorporated an ATP-
sensitive potassium current (IKATP) using the formulation proposed by (Kazbanov et 
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al., 2014). The maximum conductance of IKATP was rescaled by the factor fKATPs 
under control, SEV1, and SEV2 conditions, as indicated in Table 7. The calculation 
of fKATP values was based on an approach reported in (Ferrero et al., 1996). In this 
approach, the function of fKATP is determined by the intracellular concentrations of 
MgATP and MgADP: 

 
𝑓𝑓𝑓𝑓𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 =

1
1+([𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

)ℎ
  (4.20) 

𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 35.8 + 17.9[𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟]0.256  (4.21) 
ℎ = 1.3 + 0.74𝑒𝑒𝑒𝑒−0.09[𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴] (4.22) 

 
The values of fKATPs were determined using the concentrations of MgATP and 
MgADP under various conditions, as presented in Table 8. 
Finally, a novel model of in vitro-based oxygen transport linking [O2]e to 
cardiomyocyte ATP consumption was introduced based on methods in (Wan Ab 
Naim, Mohamed Mokhtarudin, Bakir, et al., 2021; Wei et al., 2014). The deprivation 
of oxygen in myocardium is simulated by reducing the oxygen source [O2]s, as the 
transport of oxygen in this context is a diffusion phenomenon. This reduction is 
done in order to model the extracellular oxygen concentration [O2]e (Wan Ab Naim, 
Mohamed Mokhtarudin, Chan, et al., 2021). The oxygen formulation establishes a 
connection between two levels of oxygen concentration. One level is the oxygen 
concentration derived from the nearby capillary, referred to as [O2]s (also known as 
source, supply, or bath). The other level is the oxygen concentration in the immediate 
extracellular space surrounding a single cell, denoted as [O2]e (Wan Ab Naim, 
Mohamed Mokhtarudin, Bakir, et al., 2021) (Eq. 4.23). In addition, I took the 
contractile energetics into account by incorporating the contractile ATPase rate 
(measured in mM/s) into the simulations of oxygen dynamics. This decision was 
made based on the notable impact of contraction on myocardial oxygen 
consumption, as documented in studies on ischemia (Bo et al., 2021; Laslett et al., 
1985; McDougal & Dewey, 2017). Here, the time rate of change in [O2]e is calculated 
as: 
 

𝑑𝑑𝑑𝑑[𝑂𝑂𝑂𝑂2]𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −Ω𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾(0.2𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎) − Ω𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 + 𝜀𝜀𝜀𝜀([𝑆𝑆𝑆𝑆2]𝐾𝐾𝐾𝐾 − [𝑆𝑆𝑆𝑆2]𝑝𝑝𝑝𝑝) (4.23) 

 
Where, the value of Ω was set to 1.6, based on the finding that the production of 1 
mM/s ATP necessitates 1.6 mM/s oxygen through the complete oxidation of ATP, 
as reported by (Wei et al., 2014). 
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𝐶𝐶𝐶𝐶𝑟̂𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
[𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎2+]𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

, 𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
[𝐻𝐻𝐻𝐻+]𝑛𝑛𝑛𝑛𝐻𝐻𝐻𝐻
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

, 𝐻̂𝐻𝐻𝐻 = [𝐻𝐻𝐻𝐻+]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻

, 𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟̂ = [𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 =
𝑘𝑘𝑘𝑘1−

𝑘𝑘𝑘𝑘1+
= 𝑘𝑘𝑘𝑘2+𝑘𝑘𝑘𝑘3+𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻

𝑘𝑘𝑘𝑘2−𝑘𝑘𝑘𝑘3−𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖2 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝
∆𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
0 /𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (4.17) 

 
The values of the constants have been provided in Table 11. The rate at which the 
cycling SERCA pump operates, measured in units of s-1, is defined as: 

 
𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2−𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠1𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠2
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2+𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠1+𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠2

  (4.18) 

 
According to (Liu et al., 2016, 2019), the flux of the SERCA pump, denoted as Iup, 
can be determined by multiplying the rate of calcium uptake into the SR (vcle) by a 
scaling factor, S. This scaling factor, as described in Equation 4.19, is equivalent to 
the ratio of the maximum Iup simulated using the original formulation in the hiMCE 
model to the maximum vcle simulated under control conditions. 
 

𝐼𝐼𝐼𝐼𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎 = 𝑆𝑆𝑆𝑆 × 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 (4.19) 
 

 
4.6 Modeling of ischemia/reperfusion 
 
4.6.1 Ischemia 

 
In accordance with a well-established framework (Dutta et al., 2017; Ledezma et al., 
2019; Rodriguez et al., 2006; Weiss et al., 2009), the severity of ischemia was classified 
into two distinct stages, namely SEV1 and SEV2. SEV1 represents a mild model, 
encompassing the period from the onset of the insult to 5 minutes post-insult. On 
the other hand, SEV2 corresponds to a severe model, occurring between 10 and 12 
minutes after the ischemic insult. I simulated the ischemia at two different severity 
levels by utilizing the data provided in Table 7. The induction of hyperkalemia was 
achieved by changing the extracellular K+ concentration, specifically by consistently 
increasing it to 6.25 and 9 mM. This methodology aligns with the approach utilized 
in previous studies conducted by (Kazbanov et al., 2014; Ledezma et al., 2019). 
Acidosis was simulated by reducing the maximum conductances of INa and ICaL by 
12.5% and 25% respectively, consistently with (Kazbanov et al., 2014; Ledezma et 
al., 2019). Likewise, I also attenuated INaL. The hiMCES model incorporated an ATP-
sensitive potassium current (IKATP) using the formulation proposed by (Kazbanov et 
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al., 2014). The maximum conductance of IKATP was rescaled by the factor fKATPs 
under control, SEV1, and SEV2 conditions, as indicated in Table 7. The calculation 
of fKATP values was based on an approach reported in (Ferrero et al., 1996). In this 
approach, the function of fKATP is determined by the intracellular concentrations of 
MgATP and MgADP: 

 
𝑓𝑓𝑓𝑓𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 =

1
1+([𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

)ℎ
  (4.20) 

𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 35.8 + 17.9[𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟]0.256  (4.21) 
ℎ = 1.3 + 0.74𝑒𝑒𝑒𝑒−0.09[𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴] (4.22) 

 
The values of fKATPs were determined using the concentrations of MgATP and 
MgADP under various conditions, as presented in Table 8. 
Finally, a novel model of in vitro-based oxygen transport linking [O2]e to 
cardiomyocyte ATP consumption was introduced based on methods in (Wan Ab 
Naim, Mohamed Mokhtarudin, Bakir, et al., 2021; Wei et al., 2014). The deprivation 
of oxygen in myocardium is simulated by reducing the oxygen source [O2]s, as the 
transport of oxygen in this context is a diffusion phenomenon. This reduction is 
done in order to model the extracellular oxygen concentration [O2]e (Wan Ab Naim, 
Mohamed Mokhtarudin, Chan, et al., 2021). The oxygen formulation establishes a 
connection between two levels of oxygen concentration. One level is the oxygen 
concentration derived from the nearby capillary, referred to as [O2]s (also known as 
source, supply, or bath). The other level is the oxygen concentration in the immediate 
extracellular space surrounding a single cell, denoted as [O2]e (Wan Ab Naim, 
Mohamed Mokhtarudin, Bakir, et al., 2021) (Eq. 4.23). In addition, I took the 
contractile energetics into account by incorporating the contractile ATPase rate 
(measured in mM/s) into the simulations of oxygen dynamics. This decision was 
made based on the notable impact of contraction on myocardial oxygen 
consumption, as documented in studies on ischemia (Bo et al., 2021; Laslett et al., 
1985; McDougal & Dewey, 2017). Here, the time rate of change in [O2]e is calculated 
as: 
 

𝑑𝑑𝑑𝑑[𝑂𝑂𝑂𝑂2]𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −Ω𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾(0.2𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎) − Ω𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 + 𝜀𝜀𝜀𝜀([𝑆𝑆𝑆𝑆2]𝐾𝐾𝐾𝐾 − [𝑆𝑆𝑆𝑆2]𝑝𝑝𝑝𝑝) (4.23) 

 
Where, the value of Ω was set to 1.6, based on the finding that the production of 1 
mM/s ATP necessitates 1.6 mM/s oxygen through the complete oxidation of ATP, 
as reported by (Wei et al., 2014). 
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𝐶𝐶𝐶𝐶𝑟̂𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
[𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎2+]𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

, 𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
[𝐻𝐻𝐻𝐻+]𝑛𝑛𝑛𝑛𝐻𝐻𝐻𝐻
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

, 𝐻̂𝐻𝐻𝐻 = [𝐻𝐻𝐻𝐻+]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻

, 𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟̂ = [𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 =
𝑘𝑘𝑘𝑘1−

𝑘𝑘𝑘𝑘1+
= 𝑘𝑘𝑘𝑘2+𝑘𝑘𝑘𝑘3+𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻

𝑘𝑘𝑘𝑘2−𝑘𝑘𝑘𝑘3−𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖2 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝
∆𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
0 /𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (4.17) 

 
The values of the constants have been provided in Table 11. The rate at which the 
cycling SERCA pump operates, measured in units of s-1, is defined as: 

 
𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2−𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠1𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠2
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2+𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠1+𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠2

  (4.18) 

 
According to (Liu et al., 2016, 2019), the flux of the SERCA pump, denoted as Iup, 
can be determined by multiplying the rate of calcium uptake into the SR (vcle) by a 
scaling factor, S. This scaling factor, as described in Equation 4.19, is equivalent to 
the ratio of the maximum Iup simulated using the original formulation in the hiMCE 
model to the maximum vcle simulated under control conditions. 
 

𝐼𝐼𝐼𝐼𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎 = 𝑆𝑆𝑆𝑆 × 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 (4.19) 
 

 
4.6 Modeling of ischemia/reperfusion 
 
4.6.1 Ischemia 

 
In accordance with a well-established framework (Dutta et al., 2017; Ledezma et al., 
2019; Rodriguez et al., 2006; Weiss et al., 2009), the severity of ischemia was classified 
into two distinct stages, namely SEV1 and SEV2. SEV1 represents a mild model, 
encompassing the period from the onset of the insult to 5 minutes post-insult. On 
the other hand, SEV2 corresponds to a severe model, occurring between 10 and 12 
minutes after the ischemic insult. I simulated the ischemia at two different severity 
levels by utilizing the data provided in Table 7. The induction of hyperkalemia was 
achieved by changing the extracellular K+ concentration, specifically by consistently 
increasing it to 6.25 and 9 mM. This methodology aligns with the approach utilized 
in previous studies conducted by (Kazbanov et al., 2014; Ledezma et al., 2019). 
Acidosis was simulated by reducing the maximum conductances of INa and ICaL by 
12.5% and 25% respectively, consistently with (Kazbanov et al., 2014; Ledezma et 
al., 2019). Likewise, I also attenuated INaL. The hiMCES model incorporated an ATP-
sensitive potassium current (IKATP) using the formulation proposed by (Kazbanov et 
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al., 2014). The maximum conductance of IKATP was rescaled by the factor fKATPs 
under control, SEV1, and SEV2 conditions, as indicated in Table 7. The calculation 
of fKATP values was based on an approach reported in (Ferrero et al., 1996). In this 
approach, the function of fKATP is determined by the intracellular concentrations of 
MgATP and MgADP: 

 
𝑓𝑓𝑓𝑓𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 =

1
1+([𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

)ℎ
  (4.20) 

𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 35.8 + 17.9[𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟]0.256  (4.21) 
ℎ = 1.3 + 0.74𝑒𝑒𝑒𝑒−0.09[𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴] (4.22) 

 
The values of fKATPs were determined using the concentrations of MgATP and 
MgADP under various conditions, as presented in Table 8. 
Finally, a novel model of in vitro-based oxygen transport linking [O2]e to 
cardiomyocyte ATP consumption was introduced based on methods in (Wan Ab 
Naim, Mohamed Mokhtarudin, Bakir, et al., 2021; Wei et al., 2014). The deprivation 
of oxygen in myocardium is simulated by reducing the oxygen source [O2]s, as the 
transport of oxygen in this context is a diffusion phenomenon. This reduction is 
done in order to model the extracellular oxygen concentration [O2]e (Wan Ab Naim, 
Mohamed Mokhtarudin, Chan, et al., 2021). The oxygen formulation establishes a 
connection between two levels of oxygen concentration. One level is the oxygen 
concentration derived from the nearby capillary, referred to as [O2]s (also known as 
source, supply, or bath). The other level is the oxygen concentration in the immediate 
extracellular space surrounding a single cell, denoted as [O2]e (Wan Ab Naim, 
Mohamed Mokhtarudin, Bakir, et al., 2021) (Eq. 4.23). In addition, I took the 
contractile energetics into account by incorporating the contractile ATPase rate 
(measured in mM/s) into the simulations of oxygen dynamics. This decision was 
made based on the notable impact of contraction on myocardial oxygen 
consumption, as documented in studies on ischemia (Bo et al., 2021; Laslett et al., 
1985; McDougal & Dewey, 2017). Here, the time rate of change in [O2]e is calculated 
as: 
 

𝑑𝑑𝑑𝑑[𝑂𝑂𝑂𝑂2]𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −Ω𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾(0.2𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎) − Ω𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 + 𝜀𝜀𝜀𝜀([𝑆𝑆𝑆𝑆2]𝐾𝐾𝐾𝐾 − [𝑆𝑆𝑆𝑆2]𝑝𝑝𝑝𝑝) (4.23) 

 
Where, the value of Ω was set to 1.6, based on the finding that the production of 1 
mM/s ATP necessitates 1.6 mM/s oxygen through the complete oxidation of ATP, 
as reported by (Wei et al., 2014). 
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𝐶𝐶𝐶𝐶𝑟̂𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
[𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎2+]𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

, 𝐻̂𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
[𝐻𝐻𝐻𝐻+]𝑛𝑛𝑛𝑛𝐻𝐻𝐻𝐻
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

, 𝐻̂𝐻𝐻𝐻 = [𝐻𝐻𝐻𝐻+]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻

, 𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟̂ = [𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴]
𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 =
𝑘𝑘𝑘𝑘1−

𝑘𝑘𝑘𝑘1+
= 𝑘𝑘𝑘𝑘2+𝑘𝑘𝑘𝑘3+𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻

𝑘𝑘𝑘𝑘2−𝑘𝑘𝑘𝑘3−𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖2 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝
∆𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
0 /𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (4.17) 

 
The values of the constants have been provided in Table 11. The rate at which the 
cycling SERCA pump operates, measured in units of s-1, is defined as: 

 
𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2−𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠1𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠2
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2+𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠1+𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠2

  (4.18) 

 
According to (Liu et al., 2016, 2019), the flux of the SERCA pump, denoted as Iup, 
can be determined by multiplying the rate of calcium uptake into the SR (vcle) by a 
scaling factor, S. This scaling factor, as described in Equation 4.19, is equivalent to 
the ratio of the maximum Iup simulated using the original formulation in the hiMCE 
model to the maximum vcle simulated under control conditions. 
 

𝐼𝐼𝐼𝐼𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎 = 𝑆𝑆𝑆𝑆 × 𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 (4.19) 
 

 
4.6 Modeling of ischemia/reperfusion 
 
4.6.1 Ischemia 

 
In accordance with a well-established framework (Dutta et al., 2017; Ledezma et al., 
2019; Rodriguez et al., 2006; Weiss et al., 2009), the severity of ischemia was classified 
into two distinct stages, namely SEV1 and SEV2. SEV1 represents a mild model, 
encompassing the period from the onset of the insult to 5 minutes post-insult. On 
the other hand, SEV2 corresponds to a severe model, occurring between 10 and 12 
minutes after the ischemic insult. I simulated the ischemia at two different severity 
levels by utilizing the data provided in Table 7. The induction of hyperkalemia was 
achieved by changing the extracellular K+ concentration, specifically by consistently 
increasing it to 6.25 and 9 mM. This methodology aligns with the approach utilized 
in previous studies conducted by (Kazbanov et al., 2014; Ledezma et al., 2019). 
Acidosis was simulated by reducing the maximum conductances of INa and ICaL by 
12.5% and 25% respectively, consistently with (Kazbanov et al., 2014; Ledezma et 
al., 2019). Likewise, I also attenuated INaL. The hiMCES model incorporated an ATP-
sensitive potassium current (IKATP) using the formulation proposed by (Kazbanov et 
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al., 2014). The maximum conductance of IKATP was rescaled by the factor fKATPs 
under control, SEV1, and SEV2 conditions, as indicated in Table 7. The calculation 
of fKATP values was based on an approach reported in (Ferrero et al., 1996). In this 
approach, the function of fKATP is determined by the intracellular concentrations of 
MgATP and MgADP: 

 
𝑓𝑓𝑓𝑓𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 =

1
1+([𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

)ℎ
  (4.20) 

𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 35.8 + 17.9[𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟]0.256  (4.21) 
ℎ = 1.3 + 0.74𝑒𝑒𝑒𝑒−0.09[𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴] (4.22) 

 
The values of fKATPs were determined using the concentrations of MgATP and 
MgADP under various conditions, as presented in Table 8. 
Finally, a novel model of in vitro-based oxygen transport linking [O2]e to 
cardiomyocyte ATP consumption was introduced based on methods in (Wan Ab 
Naim, Mohamed Mokhtarudin, Bakir, et al., 2021; Wei et al., 2014). The deprivation 
of oxygen in myocardium is simulated by reducing the oxygen source [O2]s, as the 
transport of oxygen in this context is a diffusion phenomenon. This reduction is 
done in order to model the extracellular oxygen concentration [O2]e (Wan Ab Naim, 
Mohamed Mokhtarudin, Chan, et al., 2021). The oxygen formulation establishes a 
connection between two levels of oxygen concentration. One level is the oxygen 
concentration derived from the nearby capillary, referred to as [O2]s (also known as 
source, supply, or bath). The other level is the oxygen concentration in the immediate 
extracellular space surrounding a single cell, denoted as [O2]e (Wan Ab Naim, 
Mohamed Mokhtarudin, Bakir, et al., 2021) (Eq. 4.23). In addition, I took the 
contractile energetics into account by incorporating the contractile ATPase rate 
(measured in mM/s) into the simulations of oxygen dynamics. This decision was 
made based on the notable impact of contraction on myocardial oxygen 
consumption, as documented in studies on ischemia (Bo et al., 2021; Laslett et al., 
1985; McDougal & Dewey, 2017). Here, the time rate of change in [O2]e is calculated 
as: 
 

𝑑𝑑𝑑𝑑[𝑂𝑂𝑂𝑂2]𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −Ω𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾(0.2𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎) − Ω𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 + 𝜀𝜀𝜀𝜀([𝑆𝑆𝑆𝑆2]𝐾𝐾𝐾𝐾 − [𝑆𝑆𝑆𝑆2]𝑝𝑝𝑝𝑝) (4.23) 

 
Where, the value of Ω was set to 1.6, based on the finding that the production of 1 
mM/s ATP necessitates 1.6 mM/s oxygen through the complete oxidation of ATP, 
as reported by (Wei et al., 2014). 
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Table 8 The simulation of control, as well as the two severities of ischemia conditions with their 
respective pathology, involve the utilization of hiMCES model parameters and their 
corresponding references. finh is an scaling coefficient reducing the maximum conductances of INa and 
ICaL; fNaK, fpCa, and fKATP are scaling coefs for reducing the maximum conductances of INaK, IpCa, and IKATP, 
respectively. 

Item Parameter Control SEV1 SEV2 Pathology Reference 
Ionic/extracellular 
concentrations 

Ko (mM) 5.4 6.25 9 Hyperkalemia (Kazbanov 
et al., 2014; 
Ledezma et 
al., 2019) 

[O2]s (mM) 0.133 0.0551 0.0376 Hypoxia (McDougal 
& Dewey, 
2017) 

finh 1 0.875 0.75 Acidosis (Kazbanov 
et al., 2014; 
Ledezma et 
al., 2019) 

fNaK 1 0.8 0.69 Hypoxia (Michailova 
et al., 2005) fpCa 1 0.8 0.69 

fKATP 0.0041 0.0092 0.0128 (Ferrero et 
al., 1996) 

CE & SERCA 
metabolites 

MgATP 
(mM) 

5 4.2 3.1 (Tran et al., 
2010) 

MgADP 
(mM) 

36×10-3 0.33 0.25 

Pi (mM) 2 15.5 22 
pH 7.15 6.5 6.3 

CE denotes contractile element. SEV1 & SEV2 represent the two severities of ischemia. 
 

The charge utilization factor, denoted as γ, is a conversion factor that transforms the 
units of A/F (amperes per faraday) to mM/s (millimoles per second), defined as: 
 

𝛾𝛾𝛾𝛾 = 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐

 (4.24) 

 
The cell capacitance, denoted as Cm, is equal to 98.7109 × 10-12 F. The unit F 
represents Farads, which is equivalent to 96485.3415 (C/mol). Additionally, the cell 

 

65 

volume, Vc, is equal to 8800 × 10-18 m3. The term ATPase refers to the rate at which 
contractile ATPase hydrolyzes ATP, measured in millimoles per second (mM/s). 
The value of β was assigned as 0.2658 based on the analysis of experimental data 
obtained from rat heart samples. These findings suggest that roughly 79% of the 
energy consumed by cardiomyocytes is attributed to contraction, while the remaining 
21% is allocated to cell maintenance (McDougal & Dewey, 2017; Rolfe & Brown, 
1997). The oxygen diffusion rate, denoted as ε, was determined to be 5 (s-1) using 
Fick's law, as described in (Cressman et al., 2009; Endeward, 2012): 
 

𝜀𝜀𝜀𝜀 = 2𝐴𝐴𝐴𝐴
∆𝑥𝑥𝑥𝑥2 (4.25) 

 
The diffusion coefficient of O2 in the I/R model of rat CMs, as reported in (Uchida 
et al., 1992), is denoted as D = 2.5 × 10-10 (m2/s). Additionally, the average distance 
between CMs in intact human cardiac tissues, as stated by (Endeward, 2012) is 
represented as ∆x = 10 µm. The baseline oxygen concentration in the source (bath) 
was [O2]s = 0.133 mM, according to (McDougal & Dewey, 2017).  

The impact of oxygen dynamics on INaK and IpCa is mediated by the regulation of 
fNaK and fpCa, which are determined by a sigmoid function 𝜌𝜌𝜌𝜌 (Petrushanko et al., 
2007). This sigmoid function is subsequently multiplied by the maximum 
conductance of the currents (Wan Ab Naim, Mohamed Mokhtarudin, Bakir, et al., 
2021; Wei et al., 2014). Indeed, 𝜌𝜌𝜌𝜌 represents an O2 dependent function which 
simulates the impact of oxygen deprivation on INaK and IpCa, and vice versa. The 
coupling of oxygen dynamics to cell electrophysiology is done by 𝜌𝜌𝜌𝜌, expressed as: 

 
𝜌𝜌𝜌𝜌 = 𝑎𝑎𝑎𝑎

(1+([𝑂𝑂𝑂𝑂2]𝑒𝑒𝑒𝑒𝑏𝑏𝑏𝑏 )𝑐𝑐𝑐𝑐)
 (4.26) 

 
Where, a = 1.215, b = 0.215, and c = -1. The utilization of ouabain-sensitivity has 
proven to be an effective indicator in the examination of the relationship between 
oxygen dependence and hypoperfusion (Chang et al., 2013; Petrushanko et al., 2007). 
Here, the values of variables a, b, and c were chosen in order to accurately simulate 
the oxygen deprivation effects, resembling the characteristic curve observed in INaK 
during hypoperfusion, as reported in (Chang et al., 2013; Sepp et al., 2014) (Figure 
14A). Briefly, the values of a and b were determined to ensure that the IC50 of the 
curve would correspond to 15% of the maximum concentration, consistently with 
Ouabain IC50 = 15 nM within the dose-response curve range of 0-100 nM (Butt et 
al., 2000). Additionally, it was established that the hill coefficient, denoted as c, would 
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Table 8 The simulation of control, as well as the two severities of ischemia conditions with their 
respective pathology, involve the utilization of hiMCES model parameters and their 
corresponding references. finh is an scaling coefficient reducing the maximum conductances of INa and 
ICaL; fNaK, fpCa, and fKATP are scaling coefs for reducing the maximum conductances of INaK, IpCa, and IKATP, 
respectively. 

Item Parameter Control SEV1 SEV2 Pathology Reference 
Ionic/extracellular 
concentrations 

Ko (mM) 5.4 6.25 9 Hyperkalemia (Kazbanov 
et al., 2014; 
Ledezma et 
al., 2019) 

[O2]s (mM) 0.133 0.0551 0.0376 Hypoxia (McDougal 
& Dewey, 
2017) 

finh 1 0.875 0.75 Acidosis (Kazbanov 
et al., 2014; 
Ledezma et 
al., 2019) 

fNaK 1 0.8 0.69 Hypoxia (Michailova 
et al., 2005) fpCa 1 0.8 0.69 

fKATP 0.0041 0.0092 0.0128 (Ferrero et 
al., 1996) 

CE & SERCA 
metabolites 

MgATP 
(mM) 

5 4.2 3.1 (Tran et al., 
2010) 

MgADP 
(mM) 

36×10-3 0.33 0.25 

Pi (mM) 2 15.5 22 
pH 7.15 6.5 6.3 

CE denotes contractile element. SEV1 & SEV2 represent the two severities of ischemia. 
 

The charge utilization factor, denoted as γ, is a conversion factor that transforms the 
units of A/F (amperes per faraday) to mM/s (millimoles per second), defined as: 
 

𝛾𝛾𝛾𝛾 = 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐

 (4.24) 

 
The cell capacitance, denoted as Cm, is equal to 98.7109 × 10-12 F. The unit F 
represents Farads, which is equivalent to 96485.3415 (C/mol). Additionally, the cell 
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volume, Vc, is equal to 8800 × 10-18 m3. The term ATPase refers to the rate at which 
contractile ATPase hydrolyzes ATP, measured in millimoles per second (mM/s). 
The value of β was assigned as 0.2658 based on the analysis of experimental data 
obtained from rat heart samples. These findings suggest that roughly 79% of the 
energy consumed by cardiomyocytes is attributed to contraction, while the remaining 
21% is allocated to cell maintenance (McDougal & Dewey, 2017; Rolfe & Brown, 
1997). The oxygen diffusion rate, denoted as ε, was determined to be 5 (s-1) using 
Fick's law, as described in (Cressman et al., 2009; Endeward, 2012): 
 

𝜀𝜀𝜀𝜀 = 2𝐴𝐴𝐴𝐴
∆𝑥𝑥𝑥𝑥2 (4.25) 

 
The diffusion coefficient of O2 in the I/R model of rat CMs, as reported in (Uchida 
et al., 1992), is denoted as D = 2.5 × 10-10 (m2/s). Additionally, the average distance 
between CMs in intact human cardiac tissues, as stated by (Endeward, 2012) is 
represented as ∆x = 10 µm. The baseline oxygen concentration in the source (bath) 
was [O2]s = 0.133 mM, according to (McDougal & Dewey, 2017).  

The impact of oxygen dynamics on INaK and IpCa is mediated by the regulation of 
fNaK and fpCa, which are determined by a sigmoid function 𝜌𝜌𝜌𝜌 (Petrushanko et al., 
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Where, a = 1.215, b = 0.215, and c = -1. The utilization of ouabain-sensitivity has 
proven to be an effective indicator in the examination of the relationship between 
oxygen dependence and hypoperfusion (Chang et al., 2013; Petrushanko et al., 2007). 
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al., 2000). Additionally, it was established that the hill coefficient, denoted as c, would 
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Table 8 The simulation of control, as well as the two severities of ischemia conditions with their 
respective pathology, involve the utilization of hiMCES model parameters and their 
corresponding references. finh is an scaling coefficient reducing the maximum conductances of INa and 
ICaL; fNaK, fpCa, and fKATP are scaling coefs for reducing the maximum conductances of INaK, IpCa, and IKATP, 
respectively. 

Item Parameter Control SEV1 SEV2 Pathology Reference 
Ionic/extracellular 
concentrations 

Ko (mM) 5.4 6.25 9 Hyperkalemia (Kazbanov 
et al., 2014; 
Ledezma et 
al., 2019) 

[O2]s (mM) 0.133 0.0551 0.0376 Hypoxia (McDougal 
& Dewey, 
2017) 

finh 1 0.875 0.75 Acidosis (Kazbanov 
et al., 2014; 
Ledezma et 
al., 2019) 

fNaK 1 0.8 0.69 Hypoxia (Michailova 
et al., 2005) fpCa 1 0.8 0.69 

fKATP 0.0041 0.0092 0.0128 (Ferrero et 
al., 1996) 

CE & SERCA 
metabolites 

MgATP 
(mM) 

5 4.2 3.1 (Tran et al., 
2010) 

MgADP 
(mM) 

36×10-3 0.33 0.25 

Pi (mM) 2 15.5 22 
pH 7.15 6.5 6.3 

CE denotes contractile element. SEV1 & SEV2 represent the two severities of ischemia. 
 

The charge utilization factor, denoted as γ, is a conversion factor that transforms the 
units of A/F (amperes per faraday) to mM/s (millimoles per second), defined as: 
 

𝛾𝛾𝛾𝛾 = 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐

 (4.24) 

 
The cell capacitance, denoted as Cm, is equal to 98.7109 × 10-12 F. The unit F 
represents Farads, which is equivalent to 96485.3415 (C/mol). Additionally, the cell 
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volume, Vc, is equal to 8800 × 10-18 m3. The term ATPase refers to the rate at which 
contractile ATPase hydrolyzes ATP, measured in millimoles per second (mM/s). 
The value of β was assigned as 0.2658 based on the analysis of experimental data 
obtained from rat heart samples. These findings suggest that roughly 79% of the 
energy consumed by cardiomyocytes is attributed to contraction, while the remaining 
21% is allocated to cell maintenance (McDougal & Dewey, 2017; Rolfe & Brown, 
1997). The oxygen diffusion rate, denoted as ε, was determined to be 5 (s-1) using 
Fick's law, as described in (Cressman et al., 2009; Endeward, 2012): 
 

𝜀𝜀𝜀𝜀 = 2𝐴𝐴𝐴𝐴
∆𝑥𝑥𝑥𝑥2 (4.25) 
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be a negative ouabain hill coefficient, c = -1, (Ferrandi et al., 1997). In light of the 
absence of direct measurement data, I derived the values of [O2]s for SEV1 and 
SEV2 of ischemia by estimating the levels corresponding to 20% and 31% inhibition 
of INaK, as outlined in Table 7. This estimation was based on the ouabain-like curve 
presented in Figure 14A, which bidirectionally maps the oxygen deprivation onto 
INaK activity (Petrushanko et al., 2007). Figure 14B illustrates the temporal variation 
in the concentration of oxygen [O2]s during simulations of I/R. 
 

 
Figure 14 The rho function demonstrates a relationship between the inhibition of INaK and IpCa 

and oxygen deprivation, which is in line with the inhibitory effect of ouabain on INaK activity 
(A). The variation in [O2]s over time for different levels of ischemia severity, SEV1 and SEV2.  
is illustrated (B). ρ represents normalized activity of INaK. 

 
 

4.6.2 Reperfusion 
 

In order to incorporate I/R-induced arrhythmia into the I/R simulations, my initial 
step was adapting the methodology previously employed to simulate early EADs as 
described in (Forouzandehmehr, Koivumäki, et al., 2021). The maximum 
conductances and currents of the hiMCES model were adjusted using a coefficient 
SET, which was found to induce EADs in Paci2020 electrophysiology model (Paci, 
Koivumäki, et al., 2021). The occurrence of EADs following 95% inhibition of the 
IKr current was anticipated by the Paci2020 (Paci et al., 2020) and hiPSC-CM-CE 
(Forouzandehmehr, Koivumäki, et al., 2021) models. In the ischemic phase in I/R 
simulations, specifically during seconds 350-850 as shown in Figure 2B, I 
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consistently suppressed two significant factors that contribute to the repolarization 
reserve, namely IKr and IKs, by 85%. This aligns with findings from experimental 
studies on I/R conducted by (Y. Chen et al., 2017; C. Yin et al., 2017), as well as 
computational reports on ischemia by (Dutta et al., 2017). In the conducted I/R 
simulations, SEV1 values of ischemia were utilized, as indicated in Table 1. The 
simulation involved modeling the transitions of parameters from the oxygenated 
phase (0-350 s) to the ischemic phase (350-850 s), and subsequently returning to 
physoxia (850-1100 s), based on the calculated in vivo oxygen level of blood vessels 
(McDougal & Dewey, 2017). To achieve more realistic results, an ouabain-like 
behavior was employed, as depicted in Figure 14A, particularly during the transition 
to and from ischemia. In other words, rather than undergoing an abrupt switch from 
a concentration of 5 mM to 6.25 mM, the change in extracellular K+ exhibited a 
pattern similar to the changes observed in [O2]s at SEV1, as shown in Figure 14B. 

In Study IV, the attainment of the steady state was achieved by reporting the 
results following a simulation run time of 800 seconds. Figure 14B depicts the 
model's control output after reaching the steady state (an 800-second run). 
Furthermore, it is worth noting that in Figure 14B, a duration of 500 seconds was 
simulated during the model's operation under ischemic conditions. This period was 
necessary to establish a steady state following the transition to SEV1/SEV2. The 
parameters SEV1 and SEV2 are indicative of the two levels of severity associated 
with acute ischemia. Therefore, in the context of computational simulations, the 
duration of the simulation (as shown in Figure 14B) is aimed at achieving a steady 
state condition and does not need to 1:1 correspond to the time protocols utilized 
in in vitro ischemic experiments. All of the results were observed in a state of 
spontaneous beating, unless otherwise specified. 

To summarize, hiPSC-CM-CE was the first developed model of hiPSC-CMs 
electromechanics integrating a calibrated CE. The hiMCE, was the version upgraded 
with a reparametrized metabolite-sensitive CE, and it was used to study R403Q-
HCM pathophysiology and the sarcomere-targeting drugs. Ultimately, building upon 
hiMCE, the hiMCES was the model incorporated a metabolite-sensitive model of 
SERCA reparametrized to fit ischemia/reperfusion condition and was adopted to 
map the ionic and subcellular crosstalks onto oxygen deprivation and contractile 
dysfunction in I/R. In the next chapter, a summary of the key results of this thesis 
is given. 
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5 RESULTS 

5.1 Biomarker evaluations of the models 

 

In the first stage, each developed computational model was validated against hiPSC-
CMs in vitro data, by calculating a list of electrophysiological and contractile 
biomarkers (Table 9). The biomarkers were simulated in spontaneous beating and 
control condition except for percent of FCS and CRT50 which were computed at 1 
Hz pacing matching the in vitro experiment (Clark et al., 2021; Pioner et al., 2020). 
Moreover, as Table 9 and Figure 15 confirm, the electromechanical models 
developed within this thesis were reparametrized to recap the key biomarkers 
accurately and maintain the electrophysiological and contractile traces morphology 
with respect to experiments.  

 
Table 9 Action potential (AP), Ca2+ transients (CaT), and biomechanical biomarkers of Paci2020 (Paci 
et al., 2020), hiPSC-CM-CE (Forouzandehmehr, Koivumäki, et al., 2021), hiMCE (Forouzandehmehr et 
al., 2022), and hiMCES model computed in spontaneous condition in comparison with the experimental 
values (Forouzandehmehr, Koivumäki, et al., 2021; Paci et al., 2018, 2020). 

No. Biomarker Paci2020  hiPSC-
CM-CE 

hiMCE hiMCES Experimental Value 
(Mean±SD) 

1 APA (mV) 102 103 103 103 104±6 

2 MDP (mV) -74.9 -75.0 -75.0 -75.2 -75.6±6.6 

3 AP CL (ms) 1712 1644 1644 1694 1700±548 

4 dV/dt max (V/s) 20.5 23.9 24.0 10.7 27.8±26.3 

5 APD10 (ms) 87.0 95.0 95.1 91.6 74.1±26.3 

6 APD30 (ms) 224 238 238 238 180±59 
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7 APD90 (ms) 390 403 403 413 415±119 

8 AP Tri 2.8 2.9 3 2.9 2.5±1.1 

9 CaT DURATION 
(ms) 

691 693 693 693 805±188 

10 CaT tRise10, peak 
(ms) 

184 163 163 197 270±108 

11 CaT tRise10,50 
(ms) 

54.9 46.2 45.9 54 82.9±50.5 

12 CaT tRise10,90 
(ms) 

118 102 102 125 167±70 

13 CaT tDecay90,10 
(ms) 

341 343 343 317 410±100 

14 AT magnitude 
(kPa) 

- 0.055 0.055 0.0557 0.055±0.009 

15 RT50 (ms) - 161 158 154 158±12.1 

16 %FCS - 3.45 3.23 3.43 3.27±0.37 
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Figure 15 Standard outcomes of the hiMCES model in control condition compared to hiPSC-CM-

CE (Forouzandehmehr, Koivumäki, et al., 2021) and hiMCE (Forouzandehmehr et al., 2022) 
models. Action Potentials (A), Ca2+ Transients (B), SERCA uptake (Iup) (C &D), active 
tensions (E), flux of Ca2+ toward the contractile element (F), fractional cell shortening (G), 
contractile ATPase rate (H), sarcoplasmic reticulum Ca2+ concentration (I), and intracellular 
Na+ concentrations (J). Panel G data are at 1 Hz pacing. 
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5.2 The results of hiPSC-CM-CE model 

 
5.2.1 Model response to Verapamil and Bay-K8644 

 
The model response to 90 nM Verapamil, as a multichannel action compound, was 
simulated following (Kramer et al., 2013), and the effect of 1µM of Bay-K 8644, with 
a previously reported positive inotropic effect for hiPSC-CMs (Ruan et al., 2016), 
was simulated as an agonist solely impacting ICaL (Forouzandehmehr, Koivumäki, et 
al., 2021). 

The simulation results of the hiPSC-CM-CE model demonstrated that the 
administration of Bay-K 8644 leads to the prolongation of AP, as shown in Figure 
16A. Additionally, the compound induced an elevation in the CaT, as illustrated in 
Figure 16C. Consequently, there was an observed increase in the active tension, as 
given in Figure 16D. The results of this study are consistent with the AP 
prolongation observed in the research conducted by (Sicouri et al., 2007) and the 
reported positive inotropic effect of Bay-K 8644 in hiPSC-CMs in vitro experiments 
as documented by (Ruan et al., 2016). As shown in Figure 16D, the findings 
accurately align with the previous studies that categorize Verapamil as a negative 
inotropic agent in hiPSC-CMs (Ruan et al., 2016) and hV-CMs (Nguyen et al., 2017). 
The relaxation kinetics of the hiPSC-CM-CE model were examined by analyzing the 
RT80, which represents the time interval from peak contraction to 80% relaxation. 
The observed trends and ranges of RT80 in our study align with those reported for 
both commercially available and laboratory-generated hiPSC-CMs (Mannhardt et al., 
2016), as depicted in Figure 16E. 
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Figure 16 The hiPSC-CM-CE model outcomes in control and in response to inotropic drugs 

adopted from (Forouzandehmehr et al., 2021) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/. (A) Action potentials, (B) L-type Ca2+ currents. 
(C) Cytosolic Ca2+ transients, (D) Active tensions, (E) RT80 (time interval from peak contraction 
to 80% of relaxation). The commercial cardiomyocytes, Cor4U and iCell, have been sourced 
from the data provided by (Mannhardt et al., 2016). The presented cases A-D exhibit data 
obtained under spontaneous conditions, while case E demonstrates the model results 
obtained under a pacing frequency of 1.5 Hz. It is worth mentioning that the tests conducted 
in panels A-D were also carried out under paced conditions (1Hz), and no significant 
differences were observed compared to the results presented in this figure. BL represents 
baseline. 
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5.2.2 Simulated inotropic effect of non-CMs in hiPSC-CM EHTs 

 
Based on the observed biphasic pattern of contraction-relaxation velocities for 
various ctn ratios in hiPSC-CMs EHTs as reported by (Iseoka et al., 2018), I 
reformulated the CE passive force as a piecewise function (Equation 4.5). The 
incorporation of the passive force into the CE resulted in an accurate classification 
of the inotropic effects of non-CMs, as illustrated in Figure 17. Study II involves an 
inter-scale analysis of the behavior exhibited by hiPSC-CM tissues, as facilitated by 
the hiPSC-CM-CE simulations. In a comprehensive manner, the term "inter-scale" 
refers to the utilization of simulations conducted within a 0D framework to simulate 
and forecast the behavior of a domain consisting of multiple dimensions (1D or 2D) 
in a simplified manner. 

Upon modifying the ctn parameter (Equation 4.5), the model exhibited both 
positive and negative inotropic effects, as indicated by the in vitro data presented in 
the study conducted by (Iseoka et al., 2018). These effects were observed in terms 
of contraction-relaxation velocity and FCS. The simulation results in Figure 17A 
demonstrate that the combination of 70% CMs and 30% non-CMs exhibit the 
greatest FCS. The velocities obtained from simulations conducted with 90% CMs in 
the EHT were observed to be lower compared to the velocities obtained from 
simulations involving 70% CMs in the EHT, as reported in the experimental study 
by (Iseoka et al., 2018). Significantly, the model accurately predicts the poorest 
contractile response consistently with the reported non-CMs effects suggesting the 
greatest electrical propagation inhibition for ctn = 25% (Iseoka et al., 2018). 
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Figure 16 The hiPSC-CM-CE model outcomes in control and in response to inotropic drugs 

adopted from (Forouzandehmehr et al., 2021) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/. (A) Action potentials, (B) L-type Ca2+ currents. 
(C) Cytosolic Ca2+ transients, (D) Active tensions, (E) RT80 (time interval from peak contraction 
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simulations involving 70% CMs in the EHT, as reported in the experimental study 
by (Iseoka et al., 2018). Significantly, the model accurately predicts the poorest 
contractile response consistently with the reported non-CMs effects suggesting the 
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Figure 17 The simulated contractile performance regarding non-cardiomyocytes components in 
an engineered heart tissue adopted from (Forouzandehmehr et al., 2021) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/. Normalized fractional cell shortenings (A) and 
contraction-relaxation velocities (B) at the simulated different percents of cardiomyocytes in an 
engineered heart tissue. 

 
 

5.3 The results of hiMCE model 
 
5.3.1 Simulation of HCM-R403Q and MAVA mechanisms 
 
Based on the parameter values provided in Table 5 and in accordance with the 
metabolic data outlined in section 4.4, I performed a simulation to assess the active 
tension and ATPase rate in the MYH7R403Q/+ HCM model variant, as described in 
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Study III (Forouzandehmehr et al., 2022). The morphology of the CaT in the 
MYH7R403Q/+ HCM mode (Figure 18B) exhibited no alterations, which is in line with 
the findings reported by (Sewanan et al., 2019) for hiPSC-CMs. The findings 
depicted in Figure 18C provide intriguing evidence that incorporating energetics into 
the CE responds to the pathological alterations caused by MYH7R403Q/+ 
cardiomyopathy and can accurately forecast the extended relaxation in the generated 
active tension, with a similar magnitude of approximately 33%. These results align 
with the in vitro data of hiPSC-CMs reported by (Toepfer et al., 2020). Furthermore, 
the observed augmentation of FCS by approximately 40% resulting from the 
MYH7R403Q/+ cardiomyopathy aligns with the hiPSC-CMs in vitro findings reported 
in (Toepfer et al., 2020). It is worth mentioning that the model accurately predicts 
the minimal alteration in ATPase activity, as illustrated in Figure 18D, which aligns 
with the experimental findings presented in Table 9 (Nag et al., 2015b; Sarkar et al., 
2020).  

In order to replicate the electro-mechano-energetic impact of 0.5 µM MAVA, I 
employed the model calibration values specified in Table 6. I hypothesized that the 
administration of MAVA would induce a restoration of the elevated metabolites, 
namely Pi and MgADP, toward their respective baseline levels in the MYH7R403Q/+ 
cardiomyopathy model variant. Of note, an unimpacted CaT in response to MAVA 
was accurately predicted by the hiMCE model in accord with experimental data 
(Green et al., 2016). Moreover, the observed decrease in simulated ATPase rate by 
19.3% as a result of the presence of 0.5 µM MAVA, as depicted in Figure 18D, falls 
within the range of reductions (17.9 to 28.5%) reported in previous experimental 
measurements of ATPase activity (Gollapudi et al., 2021). Also, the observed 
decrease in the ATPase rate relaxation phase is consistent with previous in vitro data 
(Figure 18D) (Kawas et al., 2017). Markedly, the simulations demonstrated a 
reduction of 14.6% in FCS and a prolongation of 20.9% in tension relaxation in 
response to 0.5 µM MAVA in quantitative agreement with hiPSC-CMs in vitro data 
(Toepfer et al., 2020). Finally as shown in Fig. S1 of (Forouzandehmehr et al., 2022), 
when subjected to the effect of 0.5 µM MAVA, the CE model accurately responded 
by simulating an unaffected pCa50 in the tension-Ca2+ relationship in agreement with 
a previous experimental report (Green et al., 2016). 
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Figure 18 The hiMCE electro-mechano-energetic results in control, HCM, and under MAVA effect 

adopted from (Forouzandehmehr et al., 2022) under CC BY license: 
https://creativecommons.org/licenses/by/4.0/. The simulated results include the action 
potential (A), calcium transients (B), active tensions (C), ATPase rates (D), Ca2+ flux toward 
the myofilament (E), and fractional cell shortenings (F). These simulations were conducted 
with a pacing frequency of 1Hz. The percentages of prolonged tension relaxation in 
MYH7R403Q/+ mode (C), the decrease in tension relaxation attributed to MAVA (C), the 
decrease in fractional shortening in MYH7R403Q/+ mode caused by MAVA (F), and the decrease 
in ATPase rate due to MAVA (D) align with the empirical hiPSC-CMs observations (Gollapudi 
et al., 2021; Toepfer et al., 2020). 

 
5.3.2 Modeling OM and BLEB dose-dependent inotropy 
 
Employing the CE parameter values provided in Table 4 of Study III 
(Forouzandehmehr et al., 2022), the model response to 5 µM BLEB and 1 µM OM 
was simulated. According to the data presented in Table 10, the hiMCE model 
successfully predicted the Ca2+ sensitive effects of 5 µM BLEB and 1 µM OM, which 
aligns with the experimental findings reported by (Kampourakis et al., 2018). This 
agreement is further supported by the qualitative confirmation provided in Figure 
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19A. Furthermore, the coefficients of the tension governing variables in the CE, 
denoted as 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2𝑠𝑠𝑠𝑠 were carefully chosen based on the information provided in Figure 
19B&C and Tables S1 and S2 in (Forouzandehmehr et al., 2022). These selected 
coefficients successfully resulted in accurate dose-dependent predictions for BLEB 
and OM, as depicted in Figure 19D&E. Moreover, the predicted inverse Hill curves 
align with the experimental findings reported by (Kampourakis et al., 2018). 
 
Table 10 The Ca2+-dependent experimental ranges and the corresponding results of Study III in 
response to 1 µM OM and 5 µM BLEB. pCa50 denotes the negative logarithm of the concentration of 
Ca2+ ions at 50% of the maximum tension. The in vitro data presented in (Kampourakis et al., 2018) are 
based on the E-helix of cardiac troponin C (cTnC), and a probe that was linked to the myosin regulatory 
light chain (RLC). 

# Item Kampourakis et al. 2018 hi-MCE Model 

1 Increase in pCa50 due to 1 µM OM 
5.4-6.9% (cRLC-E) 
3.8-6.4% (cTnC-E) 

5.8% 

2 Decrease in pCa50 due to 5 µM BLEB 
2.1-5.5% (cRLC-E) 
2.6-5.7% (cTnC-E) 

4.8% 

3 Reduction of Hill coef. due to 1 µM OM 
53.2-64.5% (cRLC-E) 
57.1-68.1% (cTnC-E) 

58.9% 

4 Reduction of Hill coef. due to 5 µM BLEB 
59.5-73.5% (cRLC-E) 
44.8-58.3% (cTnC-E) 

49.9% 

5 Reduction in max tension due to 1 µM OM 
0-29% (cRLC-E) 
18-47% (cTnC-E) 

25.3% 

6 
Reduction in max tension due to 5 µM 
BLEB 

66-90% (cRLC-E) 
64-80% (cTnC-E) 

76.4% 
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Figure 19 Mapping the dose-dependent inotropy of OM and BLEB onto the governing parameter 

in the hiMCE model. Isometric Ca2+-tension relationships in control and drug-induced 
conditions (A), ap2 coefficients obtained for various concentrations of BLEB and OM (B and 
C), dose-dependent isometric tension-Ca2+ relationships of BLEB (D) and OM (E). The in vitro 
data from (Kampourakis et al., 2018). T0 represents the isometric force in control condition. 

 
 
5.4 The results of hiMCES model 
 
5.4.1 Simulation of ischemia 
 
During the process of I/R, the SERCA submodel experiences alterations in 
metabolite levels that have a significant impact on both the sensitivity of Ca2+ and 
the amplitude of Ca2+ uptake, as depicted in Figure 20. The hiMCES model, when 
implemented with the original SERCA parameters, did not exhibit any abnormalities 
in AP CaT during ischemia/reperfusion. In order to identify a distinct set of 
parameters for the SERCA model that can accurately simulate the hiMCES model 
and produce APs while also capturing abnormalities in AP/CaT, I performed a 
reparameterization of the SERCA submodel (as outlined in Table 11). This 
reparameterization was guided by the results of sensitivity tests conducted on the 
pump rate amplitude and Ca2+ sensitivity, as illustrated in Figures S3-S10 of Study 
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IV. Additionally, Ca2+ sensitivity of SERCA pump rates at various pH levels is 
depicted in Figure S11 of Study IV. This figure serves to validate that the calibrated 
SERCA pump utilized for ischemic simulations accurately reproduces the acidic 
response, as observed in prior studies conducted by (Ji et al., 1999; Tran et al., 2009). 

To clarify, the selection of parameters was determined through a deliberate 
manual tuning procedure based on informed decision-making. In summary, a range 
of increments, such as 10%, 20%, and 50%, was employed, commencing with an 
initial estimate within the range of 5/100 to 5 times the baseline values. The objective 
of the optimization was to achieve the highest possible pump rate while ensuring 
that the pump rate-pCa curve remained within the acidic region, as depicted in Figure 
S11 of Study IV. The range of values considered for this optimization fell between 
5% and 500% of the baseline values. 

 

 
Figure 20 The impact of alterations in metabolite levels on the behavior of the SERCA model is 

examined. The SERCA submodel predicts significant modifications in both the amplitude (A) 
of the SERCA pump rate and the sensitivity to Ca2+ (B). The inclusion of the metabolite-
sensitive SERCA submodel in the whole-cell model in Study IV was motivated by the SERCA 
response to ischemic-induced metabolite changes. 
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Table 11 The parameters of the SERCA model, both in standard and reparametrized forms, are 
examined. The second column was sourced directly from (Tran et al., 2009).   

Parameter Control Ischemia (SEV1 & SEV2) 
𝒌𝒌𝒌𝒌𝟏𝟏𝟏𝟏+ (mM-1 s-1) 25900 2 × 25900 
𝒌𝒌𝒌𝒌𝟐𝟐𝟐𝟐+ (s-1) 2540 2 × 2540 
𝒌𝒌𝒌𝒌𝟑𝟑𝟑𝟑+ (s-1) 20.5 5 × 20.5 
𝒌𝒌𝒌𝒌𝟏𝟏𝟏𝟏− (mM-1 s-1) 2 2 
𝒌𝒌𝒌𝒌𝟐𝟐𝟐𝟐− (mM-1 s-1) 67200 0.1 × 67200 
𝒌𝒌𝒌𝒌𝟑𝟑𝟑𝟑− (mM-1 s-1) 149 149 
𝑲𝑲𝑲𝑲𝒅𝒅𝒅𝒅,𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 (mM) 0.91 0.1 × 0.91 
𝑲𝑲𝑲𝑲𝒅𝒅𝒅𝒅,𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 (mM) 2.24 2.24 
𝑲𝑲𝑲𝑲𝒅𝒅𝒅𝒅,𝑯𝑯𝑯𝑯𝟏𝟏𝟏𝟏 (mM) 1.09 ×10-5 1.09 ×10-5 
𝑲𝑲𝑲𝑲𝒅𝒅𝒅𝒅,𝑯𝑯𝑯𝑯𝑪𝑪𝑪𝑪 (mM2) 3.54 ×10-3 3.54 ×10-3 
𝑲𝑲𝑲𝑲𝒅𝒅𝒅𝒅,𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 (mM2) 1.05 ×10-8 0.1 × 1.05 ×10-8 
𝑲𝑲𝑲𝑲𝒅𝒅𝒅𝒅,𝑯𝑯𝑯𝑯 (mM) 7.24 ×10-5 5 × 7.24 ×10-5 
nH 2 0.97 × 2 

 
The model results were assessed for two levels of ischemic severity, namely SEV1 
and SEV2, as depicted in Figure 21. The durations of APs exhibited a decrease, while 
the depolarization time demonstrated an increase in response to ischemic conditions 
at two different levels of severity, as depicted in Figure 21A. These findings align 
consistently with the observations made in previous in vitro studies involving hiPSC-
CMs exposed to hypoxic conditions (Häkli et al., 2021b, 2022). The observed 
decrease in potassium currents (Figure 21B&G) during ischemia, which leads to an 
elevation in resting membrane voltage, aligns with the findings from hiPSC-CMs 
experiments conducted under hypoxic conditions (Deo et al., 2020). Moreover, the 
model demonstrated a noteworthy decrease in Ito (as depicted in Figure 21D&E 
SEV2), which plays a crucial role in the repolarization phase of hiPSC-CMs 
(Koivumäki et al., 2018). The hiMCES model successfully reproduced the observed 
direct relationship between ICaL and AP plateau height, as documented in the 
experimental study on ischemia by (Rogers et al., 2021) (Figure 21E&A). The 
observed elevation in intracellular Na+ concentration during ischemic conditions (as 
depicted in Figure 21C) aligns with the findings reported by (Gaballah et al., 2022) 
regarding hypoxic conditions in hiPSC-CMs. In SEV2 condition, the hiMCES model 
accurately replicated the elevation of the CaT baseline, consistent with the notable 
rise in the diastolic concentration of Ca2+ observed in isolated rabbit and rat ischemic 
hearts (Eberli et al., 2000) (Figure 21F). At SEV2, the model demonstrated a 
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simulated decrease of 17.4% in CaT tDecay90,10 (from 317 to 262 ms). This reduction 
is consistent with the experimentally reported range of 15.2-36.3% decrease in CaT 
tDecay90,10 in hiPSC-CMs under hypoxic conditions, as reported by (Gaballah et al., 
2022).  

Lastly, I compared the simulated alterations in APD90 with the in vitro findings 
derived from human CMs (Sutton, 2000) (after 3minutes), cat (Kimura et al., 1990) 
(after 10-15 minutes), and guinea pig (Penny & Sheridan, 1983) (after 10-15 minutes) 
as presented in Figure 21H. Analogously, the changes in APD90 were also juxtaposed 
with other in silico models of ischemia as reported in Figure 21H. An ischemic study 
conducted by (Weiss et al., 2009) utilized the TenTusscher 2006 (TT06) model 
developed by (Ten Tusscher & Panfilov, 2006). The study examined severities of 5 
and 10 minutes and incorporated the IKATP formulation from (Ferrero et al., 1996). 
The qualitative agreement between the observed trend and the simulated changes in 
APD90 is illustrated in Figure 21H. 
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The model results were assessed for two levels of ischemic severity, namely SEV1 
and SEV2, as depicted in Figure 21. The durations of APs exhibited a decrease, while 
the depolarization time demonstrated an increase in response to ischemic conditions 
at two different levels of severity, as depicted in Figure 21A. These findings align 
consistently with the observations made in previous in vitro studies involving hiPSC-
CMs exposed to hypoxic conditions (Häkli et al., 2021b, 2022). The observed 
decrease in potassium currents (Figure 21B&G) during ischemia, which leads to an 
elevation in resting membrane voltage, aligns with the findings from hiPSC-CMs 
experiments conducted under hypoxic conditions (Deo et al., 2020). Moreover, the 
model demonstrated a noteworthy decrease in Ito (as depicted in Figure 21D&E 
SEV2), which plays a crucial role in the repolarization phase of hiPSC-CMs 
(Koivumäki et al., 2018). The hiMCES model successfully reproduced the observed 
direct relationship between ICaL and AP plateau height, as documented in the 
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depicted in Figure 21C) aligns with the findings reported by (Gaballah et al., 2022) 
regarding hypoxic conditions in hiPSC-CMs. In SEV2 condition, the hiMCES model 
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simulated decrease of 17.4% in CaT tDecay90,10 (from 317 to 262 ms). This reduction 
is consistent with the experimentally reported range of 15.2-36.3% decrease in CaT 
tDecay90,10 in hiPSC-CMs under hypoxic conditions, as reported by (Gaballah et al., 
2022).  

Lastly, I compared the simulated alterations in APD90 with the in vitro findings 
derived from human CMs (Sutton, 2000) (after 3minutes), cat (Kimura et al., 1990) 
(after 10-15 minutes), and guinea pig (Penny & Sheridan, 1983) (after 10-15 minutes) 
as presented in Figure 21H. Analogously, the changes in APD90 were also juxtaposed 
with other in silico models of ischemia as reported in Figure 21H. An ischemic study 
conducted by (Weiss et al., 2009) utilized the TenTusscher 2006 (TT06) model 
developed by (Ten Tusscher & Panfilov, 2006). The study examined severities of 5 
and 10 minutes and incorporated the IKATP formulation from (Ferrero et al., 1996). 
The qualitative agreement between the observed trend and the simulated changes in 
APD90 is illustrated in Figure 21H. 
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Figure 21 The hiMCES model simulates the various degrees of ischemia: Action potentials (AP) 
(A), rapid delayed rectified K+ current (IKr) (B), intracellular Na+ concentration (C), transient 
outward K+ current (Ito) (D), L-type Ca2+ current (ICaL) (E), Ca2+ transients (F), slow delayed 
rectified K+ current (IKs) (G), and changes in AP duration at 90% of repolarization (APD90) (H). 
In silico data: TT06 Ledezma (Ledezma et al., 2019), ORd (Ledezma et al., 2019), TT06 
Ferrero (Weiss et al., 2009), BPS2020 (Forouzandehmehr, Bartolucci, et al., 2021). In vitro 
data: Sutton (Sutton, 2000), Kodama (KODAMA et al., 1984), Penny (Penny & Sheridan, 
1983), Kimura (Kimura et al., 1990). 
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5.4.2 Simulation of Levosimendan mechanism of action 
 
The current inhibitions were calculated based on the IC50 values and Hill 
coefficients for Levo, as reported by (Passini et al., 2019), using the channel blocking 
formalism. Moreover, Levo is a pharmacological agent that acts as a positive 
inotropic modulator by enhancing the sensitivity of troponin C to Ca2+. This is 
achieved through the augmentation of troponin C affinity for Ca2+ ions and the 
stabilization of its conformation (Gaballah et al., 2022). The developed tension was 
simulated and the corresponding values of Kon scaling coefficients were calculated 
based on the dose-dependent inotropic data reported for Levo by (Haikala, 1997), I 
simulated the developed tension and calculated the corresponding values of Kon 
scaling coefficients (Figure 22A). Kon governs the transition between troponin to 
Ca2+-bound troponin state (Rice et al., 2008) (Figure 13). In Study IV, I also took 
into consideration the impact of Levo as an IKATP activator, as discussed in the works 
of (Gaballah et al., 2022; Parissis et al., 2007; Pathak et al., 2013). The fKATP values 
that correspond to the augmented currents observed in Figure 22B were determined 
for the administered doses of Levo, utilizing in vitro data from (Yokoshiki et al., 
1997). The Levo model of action mechanism is detailed in Table 12. 
 
Table 12 Parameters adopted to model the effect of Levosimendan . INa: fast Na+ current, ICaL: L-
type Ca2+ current, IKr: Rapid delayed rectified K+ current, Kon: rate constant for Ca2+ to troponin C binding 
affinity (Rice et al., 2008; Tran et al., 2010), fKATP: fraction of open IKATP channels (Ferrero et al., 1996; 
Kazbanov et al., 2014). 

Dose (µM) INa block (%) ICaL block (%) IKr block (%) Kon 
coefs. 

fKATP activation 
(%) 

0.3 0.35 1.04 5.11 1.1 0.2385 
2 2.28 6.57 16.38 1.32 11.8538 
10 10.45 26.01 36.91 1.88 84.3903 
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Figure 22 The new model of Levo action mechanism accounts for Ca2+-sensitizing and IKATP 

modulation. Scaling coefficients of Kon calculated for each different Levo concentrations 
based on (Haikala, 1997) (A), Normalized increased IKATP in response to different doses of 
Levo from (Yokoshiki et al., 1997) (B). 

 
 
5.4.3 Ischemic-induced arrhythmia simulation and IKs 
 
Commencing from an equilibrium state under control conditions, the model was 
executed for a duration of 250 seconds. During the transition phase from the 250th 
to the 350th second, the parameters were adjusted to simulate the ischemic mode. 
Subsequently, the complete ischemic phase was executed over a duration of 500 
seconds, spanning from the 350th to the 850th second. The transition, denoting the 
onset of reperfusion, commenced at the 850th second and continued until the 950th 
second. Lastly, the model was simulated for an additional 200 seconds subsequent 
to the final transition, as depicted in Figure 23A&B and Figure 14B. The I/R 
outcomes, as depicted in Figures 23-25, were acquired using the hiMCES model 
version, employing optimized maximum conductances and currents (SET 
coefficient, as described in section 4.6.2).  

The hiMCES I/R model effectively simulated ischemic-induced arrhythmia, 
specifically EADs, and abnormalities in CaTs (Figure 23C&D). These results align 
consistently with the experimental data obtained from hiPSC-CMs subjected to 
hypoxia, as reported by (Gaballah et al., 2022). The experimental findings of 
(Gaballah et al., 2022) corroborate the simulated occurrence of double-peaks and 
CaT plateau abnormalities, as depicted in Figure 23D, in hiPSC-CMs during 
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ischemia. Furthermore, the computed dV/dt_max during the ischemic phase, before 
the occurrence of EADs, exhibited a decrease to approximately one-fourth of the 
dV/dt_max value observed in the control condition (34.9 to 9.6 V/s). Maximum 
upstroke velocity, dV/dt_max, exhibits an inverse relationship with the 
depolarization time, and the simulated change quantitatively agree with the 
experimentally reported elevation in the depolarization time for hiPSC-CMs in I/R 
(Häkli et al., 2022). 

Furthermore, I investigated the impact of IKs activation on the outcomes of the 
model in I/R. The AP and CaT abnormalities were consistently abolished by IKs 
activation, as demonstrated in Figure 23E&F, in accordance with the I/R model of 
rabbit cardiomyocytes (X. Guo et al., 2012). As a consequence, the abolition of 
ischemic-induced aftercontractions was observed (Figure 23G). 

 

 
Figure 23 The Ischemia/Reperfusion results of hiMCES model in Study IV. The ischemic-induced 

abnormalities (A&B) and simulated cardioprotective effect of slow delayed rectified K+ current 
(IKs) in action potential (C&E), Ca2+ transients (D&F), and active tension (G). 
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5.4.4 Simulation of Levosimendan in ischemia and reperfusion 
 
In order to comprehend the recently documented antiarrhythmic impact of Levo, as 
reported by (Gaballah et al., 2022), I investigated the effect of a 2µM dose of Levo 
on AP, CaT, and active tension generated during I/R simulations. The results 
presented in Figure 24A-D demonstrate the abolition of EADs and a significant 
reduction in CaT plateau abnormalities. These findings are consistent with the 
administration of 2µM Levo in an in vitro study conducted on hypoxic hiPSC-CMs, 
as reported by (Gaballah et al., 2022). Consequently, this resulted in a 
cardioprotective impact on the contractility as a result of the elimination of 
aftercontractions (Figure 24E). 
 

 
Figure 24 The Ischemia/Reperfusion (I/R) model of hiMCES in response to 2µM Levo. Action 

potential and CaT in I/R (A&B), action potential and CaT in I/R + 2µM Levo (C&D), and active 
tension in I/R vs I/R + 2µM Levo (E). 
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Figure 25 presents the primary model outcomes and their reaction to a Levo 
concentration of 2µM both during and after the reperfusion transition. The results 
of the study indicate that the model accurately predicted an increase in active tension 
(Figure 25A) and contractile ATPase rate (Figure 25C) in response to Levo, despite 
observing a decrease in CaT during the late reperfusion phase (Figure 25B). 
Correspondingly, a negligible alteration in OCR was simulated during the 
reperfusion and postreperfusion stages (Figure 25G), aligning with the documented 
impact of Levo on Ca2+ sensitization during ischemia in human research (Ng, 2004). 
In the reperfusion, when considering the alterations in active tension and ATPase 
rate (Figure 25A&C), it can be inferred that the administration of Levo results in an 
improvement in the cardiac energy consumption, similar to its impact during the 
ischemic phase (Fig. S13G of Study IV). This favorable energetic result observed in 
this study aligns with previous findings that demonstrate the regenerative effects of 
Levo on the contractile function and impaired cardiac energetics in various subjects, 
including human subjects (Ng, 2004), hiPSC-CMs (Gaballah et al., 2022), and 
Langendorff guinea-pig hearts (Haikala, 1997) during ischemic conditions. The 
simulation of Levo effect during I/R demonstrates a biphasic pattern in CaT and 
CaSR starting at the initiation of reperfusion, as depicted in Figure 25B&D. 
Additionally, there is a notable decrease in the duration of SERCA phosphorylation, 
as illustrated in Figure 25H. Significantly, the administration of Levo did not 
contribute to the restoration of CaT and CaSR to normoxic levels, as depicted in 
Figure 25B&D. Additionally, Levo did not have an impact on the AP profile 
observed 50 seconds after the transition phase of reperfusion, as illustrated in Figure 
25E. The simulation results (Figure 25F) indicate that there was a modest decrease 
in the impaired SERCA uptake pump function as a result of the presence of 2µM 
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5.4.4 Simulation of Levosimendan in ischemia and reperfusion 
 
In order to comprehend the recently documented antiarrhythmic impact of Levo, as 
reported by (Gaballah et al., 2022), I investigated the effect of a 2µM dose of Levo 
on AP, CaT, and active tension generated during I/R simulations. The results 
presented in Figure 24A-D demonstrate the abolition of EADs and a significant 
reduction in CaT plateau abnormalities. These findings are consistent with the 
administration of 2µM Levo in an in vitro study conducted on hypoxic hiPSC-CMs, 
as reported by (Gaballah et al., 2022). Consequently, this resulted in a 
cardioprotective impact on the contractility as a result of the elimination of 
aftercontractions (Figure 24E). 
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Figure 25 presents the primary model outcomes and their reaction to a Levo 
concentration of 2µM both during and after the reperfusion transition. The results 
of the study indicate that the model accurately predicted an increase in active tension 
(Figure 25A) and contractile ATPase rate (Figure 25C) in response to Levo, despite 
observing a decrease in CaT during the late reperfusion phase (Figure 25B). 
Correspondingly, a negligible alteration in OCR was simulated during the 
reperfusion and postreperfusion stages (Figure 25G), aligning with the documented 
impact of Levo on Ca2+ sensitization during ischemia in human research (Ng, 2004). 
In the reperfusion, when considering the alterations in active tension and ATPase 
rate (Figure 25A&C), it can be inferred that the administration of Levo results in an 
improvement in the cardiac energy consumption, similar to its impact during the 
ischemic phase (Fig. S13G of Study IV). This favorable energetic result observed in 
this study aligns with previous findings that demonstrate the regenerative effects of 
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Figure 25 The ischemia/reperfusion results of hiMCES model and the effect of 2µM Levo: Active 

tensions (A), Ca2+ transients (B), contractile ATPase rate (C), sarcoplasmic Reticulum Ca2+ 
concentrations (D), action potentials shown 50 s postreperfusion transition (E), Ca2+ uptake 
flux via SERCA pump (F), oxygen consumption rate (G), and percent SERCA of 
phosphorylation (H). 
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6 DISCUSSION 

6.1 The model of hiPSC-CMs electromechanics 

 
Aside from a successful integration of a contractile mechanism into a dynamic model 
of cardiac electrophysiology, Study I significance was in proposing the first balanced 
contractile and electrophysiological structures of calibration-validation for the dawn 
of in silico cell level electromechanical researches. The feature which was matured in 
the hiPSC-CM-CE model (Study II) that presents an electromechanical 
representation of hiPSC-CMs, achieved by integrating the Paci2020 ionic model and 
the reparametrized Rice2008 CE model. Additionally, a novel passive force 
mechanism was incorporated. The mechanical characteristics of the model were 
verified through independent validation using contraction protocols that were 
previously reported in experimental studies involving hiPSC-CMs. The hiPSC-CM-
CE model successfully predicted the inotropic effect of various multichannel action 
reference drugs and their arrhythmogenic effects, specifically in relation to 
aftercontractions. The simulations accurately anticipated the dynamics of the 
involvement of non-cardiomyocytes in hiPSC-CM tissues. In general, Studies I and 
II have established a dependable mechanistic framework that can guide future 
investigations on functionalities of hiPSC-CMs. 

The ability to replicate essential in vitro AP and CaT biomarkers is imperative for 
computational models of CMs. The hiPSC-CM-CE model successfully reproduces 
all the AP and CaT biomarkers within the experimental ranges as documented in the 
studies conducted by (Paci et al., 2018, 2020). Moreover, the significance of CE 
integration and reparameterization in relation to the electrophysiological biomarkers 
is demonstrated in Table 8. It is worth mentioning that the reparameterization of the 
CE has the potential to rectify the deviation of four electrophysiological biomarkers 
from their optimal range, which occurred when the original Rice CE was employed 
instead of the reparametrized version. 

The accurate representation of biochemical XB-related phenomena can be 
achieved through the utilization of mathematical myofilament models that 
encompass multiple states. However, it is important to note that the computational 
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cost associated with these models is substantial. The primary objective of 
contemporary myofilament dynamic models is to achieve a balance between 
biophysical accuracy and computational efficiency. In light of this, the Rice CE 
model (Rice et al., 2008) was chosen for Study II due to its inclusion of crucial Ca2+-
based activation and sarcomere length-based sensitivity mechanisms within its 
contractile machinery. A comprehensive examination of this topic has been 
previously provided (Trayanova & Rice, 2011). My primary impetus for 
reparametrizing the initial Rice computational model of cardiac electrophysiology 
was to facilitate the model's ability to faithfully reproduce a diverse array of 
electrophysiological and mechanical measurements, a capability that was lacking in 
the Paci2020+original Rice CE model (see Figure S4 and Table 3 in 
(Forouzandehmehr, Koivumäki, et al., 2021)). 

The evaluation of contractility plays a pivotal role in the construction of a 
mathematical cellular model for cardiac electromechanics (Campbell et al., 2008; 
Forouzandehmehr et al., 2020; Margara et al., 2020; Margara, Wang, et al., 2021; 
Negroni et al., 2015; Pioner et al., 2020; Rice et al., 2008; Tran et al., 2017; Zile & 
Trayanova, 2017). Within this particular context, an important mechanical indicator 
to consider is FCS (as depicted in Figure 15G), which is commonly regarded as a 
reliable measure of contractile capacity (Pioner et al., 2020). The hiPSC-CM-CE 
achieved the development of a percentage of FCS within the specified experimental 
parameters at 1 Hz pacing, 1.8 mM extracellular Ca2+ concentration, and a 
temperature of 37 ℃. Additionally, the simulated durations from the point of 
maximum contraction to 50% and 25% of relaxation (referred to as RT50 and RT25, 
respectively), which serve as indicators of relaxation kinetics, indicate that the model 
falls within the validation target range in terms of mechanical outputs and sarcomere 
dynamics. Additionally, it should be noted that the hiPSC-CM-CE model accurately 
replicated the tension magnitude observed in hiPSC-CMs within the experimental 
range in vitro, at a concentration of 1.8 mM of extracellular Ca2+ and a temperature 
of 37 ℃ (Figure 15E) (Ruan et al., 2016). The aforementioned properties lend 
support to the model's suitability as a robust mathematical foundation for future 
research on the modeling of contractility and associated dysfunctions. 

In addition, an important measure of contractility commonly observed in 
experimental studies on single cell hiPSC-CMs is known as the motion waveform or 
contraction-relaxation velocity (Hayakawa et al., 2014; Rodriguez et al., 2014). In 
recent times, there has been significant research activity focused on investigating the 
role of reduced relaxation velocity and extended relaxation duration in the 
characterization of diastolic dysfunction (Hayakawa et al., 2014). Furthermore, the 
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examination of cardiac pathologies, including ischaemic diseases, hypertension, and 
rare genetic disorders, has been found to be linked to the velocity and duration of 
contraction and relaxation (Hayakawa et al., 2014). The hiPSC-CM-CE model 
accurately reproduces the velocity profiles of physiological contraction and 
relaxation, as demonstrated in Figure 2E in (Forouzandehmehr, Koivumäki, et al., 
2021) and Figure 17B. These findings are in agreement with previous experimental 
studies on hiPSC-CMs conducted by (Hayakawa et al., 2014; Rodriguez et al., 2014). 
Hence, the findings of Study II demonstrate that the model exhibited accuracy and 
robustness in simulating the effects of the aforementioned disorders, specifically on 
the profiles of contraction-relaxation velocity. 

The hiPSC-CM-CE model also helped exploring the impact and action 
mechanism of two inotropic drugs, Verapamil and Bay-K 8644, at ion channel level. 
The validated simulated effects of 90 nM of Verapamil and 1 uM of Bay-K8644 on 
AP morphology were mapped onto change in ICaL profiles (Figure 16B) providing 
insights into potential targets for future drug development with negative and positive 
inotropy. 

The study conducted by (Iseoka et al., 2018) has provided evidence regarding the 
essential contribution of non-cardiomyocytes to the electromechanics, functionality, 
and therapeutic applications of hiPSC-CMs tissues. It is important to highlight that 
the presence of non-CMs plays a crucial role in the production of functional hiPSC-
EHTs for use in cardiac regeneration therapy. According to (Iseoka et al., 2018), the 
hiPSC-CM EHTs, which consist of approximately 50-70% cardiomyocytes, have 
demonstrated both structural stability and enhanced therapeutic capabilities. The 
hiPSC-CM-CE, functioning as an inter-scale capability, effectively replicated the 
observed contraction-relaxation velocity and cell shortening trends in experimental 
studies (Forouzandehmehr, Koivumäki, et al., 2021; Iseoka et al., 2018). 
Furthermore, the inclusion of the new passive force in the CE allowed for an 
accurate categorization of the inotropic effects of non-CMs in hiPSC-CM tissues 
during simulation. Moreover, the simulated variations in the positive and negative 
inotropic effects for FCS and motion waveform, as depicted in Figure 17A and 
Figure 17B respectively, align with hiPSC-CMs experimental findings reported in 
(Iseoka et al., 2018). The model accurately predicts the lowest contractile potential 
consistent with the biophysical principles underlying the non-CM effects, which 
exhibit the greatest inhibition of electrical propagation at a ctn value of 25% (Iseoka 
et al., 2018). 
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Forouzandehmehr et al., 2020; Margara et al., 2020; Margara, Wang, et al., 2021; 
Negroni et al., 2015; Pioner et al., 2020; Rice et al., 2008; Tran et al., 2017; Zile & 
Trayanova, 2017). Within this particular context, an important mechanical indicator 
to consider is FCS (as depicted in Figure 15G), which is commonly regarded as a 
reliable measure of contractile capacity (Pioner et al., 2020). The hiPSC-CM-CE 
achieved the development of a percentage of FCS within the specified experimental 
parameters at 1 Hz pacing, 1.8 mM extracellular Ca2+ concentration, and a 
temperature of 37 ℃. Additionally, the simulated durations from the point of 
maximum contraction to 50% and 25% of relaxation (referred to as RT50 and RT25, 
respectively), which serve as indicators of relaxation kinetics, indicate that the model 
falls within the validation target range in terms of mechanical outputs and sarcomere 
dynamics. Additionally, it should be noted that the hiPSC-CM-CE model accurately 
replicated the tension magnitude observed in hiPSC-CMs within the experimental 
range in vitro, at a concentration of 1.8 mM of extracellular Ca2+ and a temperature 
of 37 ℃ (Figure 15E) (Ruan et al., 2016). The aforementioned properties lend 
support to the model's suitability as a robust mathematical foundation for future 
research on the modeling of contractility and associated dysfunctions. 

In addition, an important measure of contractility commonly observed in 
experimental studies on single cell hiPSC-CMs is known as the motion waveform or 
contraction-relaxation velocity (Hayakawa et al., 2014; Rodriguez et al., 2014). In 
recent times, there has been significant research activity focused on investigating the 
role of reduced relaxation velocity and extended relaxation duration in the 
characterization of diastolic dysfunction (Hayakawa et al., 2014). Furthermore, the 
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examination of cardiac pathologies, including ischaemic diseases, hypertension, and 
rare genetic disorders, has been found to be linked to the velocity and duration of 
contraction and relaxation (Hayakawa et al., 2014). The hiPSC-CM-CE model 
accurately reproduces the velocity profiles of physiological contraction and 
relaxation, as demonstrated in Figure 2E in (Forouzandehmehr, Koivumäki, et al., 
2021) and Figure 17B. These findings are in agreement with previous experimental 
studies on hiPSC-CMs conducted by (Hayakawa et al., 2014; Rodriguez et al., 2014). 
Hence, the findings of Study II demonstrate that the model exhibited accuracy and 
robustness in simulating the effects of the aforementioned disorders, specifically on 
the profiles of contraction-relaxation velocity. 

The hiPSC-CM-CE model also helped exploring the impact and action 
mechanism of two inotropic drugs, Verapamil and Bay-K 8644, at ion channel level. 
The validated simulated effects of 90 nM of Verapamil and 1 uM of Bay-K8644 on 
AP morphology were mapped onto change in ICaL profiles (Figure 16B) providing 
insights into potential targets for future drug development with negative and positive 
inotropy. 

The study conducted by (Iseoka et al., 2018) has provided evidence regarding the 
essential contribution of non-cardiomyocytes to the electromechanics, functionality, 
and therapeutic applications of hiPSC-CMs tissues. It is important to highlight that 
the presence of non-CMs plays a crucial role in the production of functional hiPSC-
EHTs for use in cardiac regeneration therapy. According to (Iseoka et al., 2018), the 
hiPSC-CM EHTs, which consist of approximately 50-70% cardiomyocytes, have 
demonstrated both structural stability and enhanced therapeutic capabilities. The 
hiPSC-CM-CE, functioning as an inter-scale capability, effectively replicated the 
observed contraction-relaxation velocity and cell shortening trends in experimental 
studies (Forouzandehmehr, Koivumäki, et al., 2021; Iseoka et al., 2018). 
Furthermore, the inclusion of the new passive force in the CE allowed for an 
accurate categorization of the inotropic effects of non-CMs in hiPSC-CM tissues 
during simulation. Moreover, the simulated variations in the positive and negative 
inotropic effects for FCS and motion waveform, as depicted in Figure 17A and 
Figure 17B respectively, align with hiPSC-CMs experimental findings reported in 
(Iseoka et al., 2018). The model accurately predicts the lowest contractile potential 
consistent with the biophysical principles underlying the non-CM effects, which 
exhibit the greatest inhibition of electrical propagation at a ctn value of 25% (Iseoka 
et al., 2018). 
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6.2 Electro-mechano-energetics in HCM and drug mechanism 

 
Cardiomyocytes, which lack the ability to regenerate, are responsible for generating 
approximately two billion contractions over an average lifespan. This demanding 
task necessitates a substantial energy supply, specifically six kilograms of ATP per 
day (Ingwall, 2002). Notably, approximately 50% of total energy consumption can 
be attributed to the operation of sarcomeres during contraction. (McDougal & 
Dewey, 2017). Hence, it is imperative to investigate the contractile function of CMs 
in relation to cardiac metabolism in order to better understand the pathological 
conditions that arise from sarcomeric mutations, such as MYH7R403Q/+ HCM. The 
findings of our analysis indicate that the inclusion of the metabolite-sensitive CE 
scheme effectively captures the observed impairment in tension relaxation, which is 
approximately 33%, resulting from the presence of the R403Q mutation. It is worth 
noting that the inclusion of energetics in the analysis rendered the proposed extra 
feedback from XB cycling to the thin filaments, as previously suggested by (Margara, 
Rodriguez, et al., 2021), unnecessary for reproducing the observed changes in 
relaxation dynamics. This emphasizes the significance of incorporating metabolite-
sensitive computational models that are constrained by (patho)physiological 
considerations in the study of sarcomeric cardiomyopathies. 

The investigation of contractile energetics assumes great significance in the 
examination of potential pharmaceutical interventions documented in (pre)clinical 
trials for HCM, including MAVA, BLEB, and OM. The findings of Study III indicate 
that achieving a quantitatively accurate simulation of the impact of MAVA, BLEB, 
and OM, either in a single dose or in a dose-dependent manner, necessitates the 
calibration of parameters within the CE that directly or indirectly influence the 
energetics. This calibration process is detailed in Table 6 and Tables 3, 4, S1, and S2 
of (Forouzandehmehr et al., 2022)). Significantly, a key observation in Study III 
arises from the parameters utilized in calibrating the model for simulating a 
concentration of 0.5 µM MAVA. The MAVA modeling approach was extended by 
calibrating the parameters related to CE alteration that influence the Pi-dependent 
transition between the permissive binding state on the thin filament (P) and the 
strongly bound XBs prior to the isomerized rotation (XBA). Furthermore, I adjusted 
the modulation of Ca2+ binding and sensitivity in the CE, as well as the MgATP-
dependent transitions between the P and XB states in the strongly bound post-
isomerized rotation state (XBB). These adjustments align with the findings reported 
in relevant metabolic studies conducted by (Alsulami & Marston, 2020; Awinda et 
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al., 2020; Green et al., 2016). In order to better understand the specific mechanism 
of action of the drug, Study III suggests several modulations (presented in Table 6) 
to explain the observed effects of MAVA. These modulations suggest that, in 
addition to altering the disrupted ratio of DRX to SRX, MAVA may also induce a 
new equilibrium between interfilaments. This modulation would affect tension-
producing and energetic factors that directly impact the reverse transition between 
XBA and XBB, which in turn influences the strain-dependent isomerization of 
myosin heads. The potential pharmacological insight derived from the hiMCE model 
is intriguing due to the inherent ability of the MAVA mechanism of action to restore 
normal regulation of impaired metabolism caused by the R403Q variant. This 
restoration involves addressing the impaired proton-dependent transition in the 
R403Q variant, as discussed by (Toepfer et al., 2020). 

The calibrations pertaining to drugs and HCM discussed in this study align with 
the suggested structure-function relationships of the OM and BLEB as outlined in 
the work by (Kampourakis et al., 2018). In their study, Kampourakis et al. suggested 
that myosin heads bound to OM induce the repositioning of tropomyosin into its 
activated (ON) state upon binding to actin, even in the absence of Ca2+ bound to 
troponin. Significantly, the stabilization of the ON state of thick filaments has been 
largely attributed to the activation of XB, which is a result of the influence of OM. 
Additionally, the stabilization of ON positions in thick filaments has been postulated 
to facilitate the maintenance of an activated state in thin filaments by inhibiting the 
reversion of tropomyosin to its off positions (Kampourakis et al., 2018). The 
translation of this was accomplished using the hiMCE model, which involved the 
modification of koff constants. These constants are responsible for the rate at which 
Ca2+ is released from both low and high affinity locations on troponin. The transition 
rates have an impact on the regulatory sites located on cardiac troponin, resulting in 
the activation of the XB cycle (Tran et al., 2010). 

Conversely, within the physiological range of intermediate Ca2+ concentrations 
(pCa 9 to 4.3), the activation of actins in conjunction with the thick filaments is 
facilitated by OM, as demonstrated by (Kampourakis et al., 2018). The hiMCE model 
incorporates modifications to the Kon, Knp, and Kpn rate constants, which are 
responsible for the binding of Ca2+ to troponin. Additionally, the model adjusts the 
forward and backward transition rates between the P and N configurations. These 
modifications are detailed in Table 4 of the study III (Forouzandehmehr et al., 2022). 
Moreover, the parameters that govern the regulation of thin filaments by Ca2+ bound 
troponin, namely Kon, nperm, koffL, koffH, kpn, knp, and koffmode, have only been 
calibrated for the activation of OM. These parameters have not been calibrated for 
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calibrated for the activation of OM. These parameters have not been calibrated for 
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BLEB, as BLEB does not activate both filaments to their ON states, as noted by 
(Kampourakis et al., 2018). Moreover, the adjustment of the coefficient of the 
Tropreg variable, which represents the proportion of actins bound to Ca2+, as 
described in (Rice et al., 2008), is in line with the documented impact of these 
medications. Both OM and BLEB calibrations typically result in a significant 
reduction in the co-operativity of Ca2+ activation, as reported by (Kampourakis et 
al., 2018). 

The observed elevation in Pi concentration in the HCM variant of the hiMCE 
model aligns with the experimental findings on metabolic changes associated with 
HCM R403Q and R92Q mutations in mouse models (Abraham et al., 2013; Spindler 
et al., 1998). Furthermore, it has been observed that the compromised blood flow in 
the coronary arteries caused by HCM is associated with an abnormal energy 
production process that leads to an increase in ADP and Pi levels (Sequeira et al., 
2019). This finding aligns with the principle of phosphate and creatine conservation 
in the body (Tran et al., 2010). Similarly, the alterations in myofilament kinetics 
induced by the HCM mutation result in an increase in ADP-mediated products (van 
der Velden et al., 2018). Consequently, I elevated the concentration of MgADP 
within the physiological ranges (Tran et al., 2010). It is worth mentioning that the 
activation of myofilaments in HCM and dilated cardiomyopathy is affected in a 
similar manner by the influence of OM and BLEB, as demonstrated by (Spudich, 
2014). This suggests that the development of HCM involves a disruption in 
actomyosin signaling. Furthermore, the elucidation of the underlying mechanism of 
hypercontractility induced by HCM, specifically the R403Q HCM variant, has been 
expounded upon in relation to structural changes in the thick filament and the 
generation of tension (Alamo et al., 2017; Nag et al., 2017; Trivedi et al., 2018). With 
this in mind, since the alteration of the ap2 coefficient (as shown in Table 5) allows 
the XB cycling machinery to accurately replicate the behavior observed in HCM (as 
depicted in Figure 18), the hiMCE model proposes that the disrupted interfilament 
signaling associated with HCM is potentially caused by a distortion-dependent 
forward transition from the A state to the B state of the XB complex. This is 
followed by the subsequent impact resulting from the presence of strongly bound 
XB states population in the steady-state condition. This observation suggests that 
the disrupted actomyosin signaling observed in HCM may be attributed to an 
aberrant regulation of the isomerization process, whereby myosin heads transition 
from a pre-rotated (XBA) to a post-rotated (XBB) state, consequently impacting the 
strain experienced in the myosin neck region. Analogously, it is plausible that the 
aforementioned process could elucidate the mechanisms through which OM, BLEB, 
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and MAVA collectively contribute to the establishment of a novel interfilament 
balance, thereby facilitating the restoration of normal tension generation during XB 
cycling. The insights provided by this hypothesis, which is derived from the 
predictions of the hiMCE model, have the potential to expedite the progress of 
pharmaceutical interventions for sarcomere cardiomyopathies and mutation-
dependent HCM. 

In Study III, focusing on ap2 regulatory effect, a mechanistic approach was 
proposed to integrate the dose-dependent impact of BLEB and OM, as depicted in 
Figure 19. This approach aligns with the experimental findings of (Kampourakis et 
al., 2018). The dose-dependent effects of OM and BLEB, as observed in 
(Kampourakis et al., 2018), exhibit an inverse Hill function trend. This trend is also 
reflected in the values of the ap2 coefficients in hiMCE model, obtained for the 
concentrations examined, as depicted in Figure 19B-E. Furthermore, Study III 
indicates that the alterations in F2, hf, and ap2 (Table 4 in (Forouzandehmehr et al., 
2022)) imply that OM also promotes the swift dissociation of XBs. This finding adds 
to the understanding of how OM disrupts the coupling between actin and myosin, 
which is a key aspect of its mechanism of action. Moreover, the precise replication 
of reduced APD resulting from 1 µM OM and the heightened basal ATPase rate 
values, as depicted in Figure 5 of (Forouzandehmehr et al., 2022), serves as additional 
evidence that the incorporation of metabolite-sensitive alterations in the XB cycling 
of the cardiac CE system cannot be disregarded in the context of precision medicine. 
This is particularly crucial when simulating the effects of medications that primarily 
affect ATPases. 
 
6.3 Electro-mechano-energetics in ischemia/reperfusion 

 
Myocardial infarction (MI) is recognized as the leading cause of mortality on a global 
scale, as stated by (Nowbar et al., 2019). The optimization of treatments aimed at 
restoring normal cardiomyocyte homeostasis and metabolism following an ischemic 
insult is of significant importance (He et al., 2022). The pathophysiological 
mechanisms that contribute to I/R injuries, such as disrupted cytosolic Ca2+ 
transients, oxidative stress, rapid pH correction, and phosphate overload (He et al., 
2022) are interconnected and intricate. Consequently, comprehensive quantitative 
investigations are required to fully understand these mechanisms. In order to achieve 
this objective, the utilization of in vitro-matching computational protocols and 
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biophysically detailed mathematical models pertaining to cellular electro-mechano-
energetic coupling holds significant significance. 

In order to examine the pathophysiological mechanisms and effects of drugs 
related to I/R, my primary objective was to enhance our existing in silico model of 
hiPSC-CMs from Study III (Forouzandehmehr et al., 2022). This enhancement 
involved incorporating a metabolite-sensitive SERCA pump and an oxygen dynamic 
formulation that establishes a connection between cellular energetics and 
extracellular oxygen concentration ([O2]e). It is worth mentioning that the proposed 
dynamic oxygen formulation incorporates the contraction ATPase rate, which I had 
anticipated would have a significant impact especially on the study of I/R (Bo et al., 
2021; Laslett et al., 1985; McDougal & Dewey, 2017). I did not take IKATP into 
account in the oxygen dynamic formulation due to its reported insignificant effect 
on myocardial oxygen consumption rate in the context of I/R, as documented by 
(Offstad et al., 1994). 

In Study IV, the IC50-based inhibition drug simulation formalism was extended 
by accounting for the role of IKATP and troponin C affinity for Ca2+ in Levo action 
mechanism model. This was done to obtain a more accurate simulation of Levo 
effect consistently with (Gaballah et al., 2022). Consistently with the in vitro findings 
of hiPSC-CMs in hypoxia (Gaballah et al., 2022), the hiMCES model successfully 
replicated the significant decrease in AP amplitude and the occurrence of CaT 
abnormalities caused by the administration of 2 µM Levo. This phenomenon may 
be linked to the impact of Levo on the constituents contributing to the repolarization 
reserve of the hiPSC-CM model, as depicted in Figures S13A-C of Study IV. This 
observation aligns with previous findings that demonstrate the prolongation of the 
QT interval in both healthy individuals and patients with heart failure following 
administration of Levo, as reported by (Ng, 2004). 

Moreover, it is worth mentioning that the model made a noteworthy prediction 
regarding a substantial rise in the Ca2+ flux toward the myofilament as a result of 
Levo during SEV1 ischemia (refer to Figure S13F in Study IV). This finding suggests 
that Levo has the ability to regulate the transition of significantly increased CaT levels 
during ischemia, as well as the impaired CaT caused by the rapid restoration of 
metabolites during the reperfusion phase (Figure 25B). The simulations suggest that 
Levo has the potential to extend the reperfusion transitions, particularly in relation 
to SERCA phosphorylation (Figure 25H). The aforementioned observation exhibits 
a noteworthy correlation with a recent computational investigation, conducted by 
(Grass et al., 2022) which proposed a two-step reperfusion protocol as a potential 
means of reducing cellular damage in contrast to a swift return to physioxia. In 
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addition, Study IV findings indicate that Levo is a unique inotrope that does not 
seem to enhance contractility by increasing myocardial oxygen demand (refer to 
Figure 25G and Figure S13G in Study IV), which is consistent with previous in vitro 
studies (Ng, 2004). The question of whether Levo corrects the impaired contractile 
relaxation through augmentation of SERCA phosphorylation or other mechanisms 
has been the subject of previous research (Ng, 2004). The predictions made by the 
hiMCES model indicate that the constructive impact of Levo in improving the 
compromised contractile and energetic relaxation is likely attributed to its ability to 
enhance the affinity of troponin C for Ca2+ binding, thereby intensifying the JCB. 
This impact is not primarily a result of inhibiting SERCA phosphorylation, which 
would increase the removal of cytosolic Ca2+. 

According to the findings presented in (Tran et al., 2009) and simulated in Figure 
20, a decrease in pH leads to a reduction in the Ca2+ sensitivity of SERCA. Study IV 
posits that the observed rise in metabolic proton and acidic residues in the I/R, as 
reported by (Grass et al., 2022), could potentially impact the functioning of SERCA 
through a pathological competitive proton binding. Acidic residues involved in 
proton and Ca2+ binding (Tran et al., 2009) demonstrate a greater affinity of proton 
for the Ca2+ binding sites in the SERCA luminal orientation. Conversely, they show 
a lower affinity of proton binding to cytosol-facing Ca2+ binding docks (Tran et al., 
2009). As these factors gain higher influence in the acidic environment of ischemia, 
the reduction in Kd,Hsr in the reparameterization (Table 11), increasing the distance 
between Kd,Hi and Kd,Hsr, suggests that ischemia may enhance the competitive proton 
binding for the luminal oriented Ca2+ binding sites of SERCA, ultimately leading to 
an elevation in SR Ca2+, as demonstrated in Figure 25D. Significantly, the 
aforementioned findings indicate that the increase in proton leak has a dual effect: 
firstly, it disrupts cellular metabolism, resulting in heightened oxidative stress during 
I/R (Grass et al., 2022); and secondly, it may exacerbate an already perturbed 
competitive proton binding process, leading to a pathological alteration in SERCA 
function. This is imperative as a new insight into the interconnected nature of 
oxidative stress elevation and CaT overload as the primary mechanisms underlying 
I/R injuries (He et al., 2022). 

The hiMCES model demonstrates the ability to predict diastolic relaxation 
dysfunction in calcium transient (CaT) as shown in Figure 21F. Additionally, it 
accurately predicts the impairment of contractile machinery (Figure S13J in Study 
IV) and the alteration of energetics in the cardiac environment (Figure S13I in Study 
IV) under ischemic conditions. In a previous study, (Joulin et al., 2009) documented 
the presence of contractile relaxation dysfunction in mouse hearts induced by sepsis-
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oxidative stress elevation and CaT overload as the primary mechanisms underlying 
I/R injuries (He et al., 2022). 

The hiMCES model demonstrates the ability to predict diastolic relaxation 
dysfunction in calcium transient (CaT) as shown in Figure 21F. Additionally, it 
accurately predicts the impairment of contractile machinery (Figure S13J in Study 
IV) and the alteration of energetics in the cardiac environment (Figure S13I in Study 
IV) under ischemic conditions. In a previous study, (Joulin et al., 2009) documented 
the presence of contractile relaxation dysfunction in mouse hearts induced by sepsis-



 

96 

biophysically detailed mathematical models pertaining to cellular electro-mechano-
energetic coupling holds significant significance. 

In order to examine the pathophysiological mechanisms and effects of drugs 
related to I/R, my primary objective was to enhance our existing in silico model of 
hiPSC-CMs from Study III (Forouzandehmehr et al., 2022). This enhancement 
involved incorporating a metabolite-sensitive SERCA pump and an oxygen dynamic 
formulation that establishes a connection between cellular energetics and 
extracellular oxygen concentration ([O2]e). It is worth mentioning that the proposed 
dynamic oxygen formulation incorporates the contraction ATPase rate, which I had 
anticipated would have a significant impact especially on the study of I/R (Bo et al., 
2021; Laslett et al., 1985; McDougal & Dewey, 2017). I did not take IKATP into 
account in the oxygen dynamic formulation due to its reported insignificant effect 
on myocardial oxygen consumption rate in the context of I/R, as documented by 
(Offstad et al., 1994). 

In Study IV, the IC50-based inhibition drug simulation formalism was extended 
by accounting for the role of IKATP and troponin C affinity for Ca2+ in Levo action 
mechanism model. This was done to obtain a more accurate simulation of Levo 
effect consistently with (Gaballah et al., 2022). Consistently with the in vitro findings 
of hiPSC-CMs in hypoxia (Gaballah et al., 2022), the hiMCES model successfully 
replicated the significant decrease in AP amplitude and the occurrence of CaT 
abnormalities caused by the administration of 2 µM Levo. This phenomenon may 
be linked to the impact of Levo on the constituents contributing to the repolarization 
reserve of the hiPSC-CM model, as depicted in Figures S13A-C of Study IV. This 
observation aligns with previous findings that demonstrate the prolongation of the 
QT interval in both healthy individuals and patients with heart failure following 
administration of Levo, as reported by (Ng, 2004). 

Moreover, it is worth mentioning that the model made a noteworthy prediction 
regarding a substantial rise in the Ca2+ flux toward the myofilament as a result of 
Levo during SEV1 ischemia (refer to Figure S13F in Study IV). This finding suggests 
that Levo has the ability to regulate the transition of significantly increased CaT levels 
during ischemia, as well as the impaired CaT caused by the rapid restoration of 
metabolites during the reperfusion phase (Figure 25B). The simulations suggest that 
Levo has the potential to extend the reperfusion transitions, particularly in relation 
to SERCA phosphorylation (Figure 25H). The aforementioned observation exhibits 
a noteworthy correlation with a recent computational investigation, conducted by 
(Grass et al., 2022) which proposed a two-step reperfusion protocol as a potential 
means of reducing cellular damage in contrast to a swift return to physioxia. In 
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addition, Study IV findings indicate that Levo is a unique inotrope that does not 
seem to enhance contractility by increasing myocardial oxygen demand (refer to 
Figure 25G and Figure S13G in Study IV), which is consistent with previous in vitro 
studies (Ng, 2004). The question of whether Levo corrects the impaired contractile 
relaxation through augmentation of SERCA phosphorylation or other mechanisms 
has been the subject of previous research (Ng, 2004). The predictions made by the 
hiMCES model indicate that the constructive impact of Levo in improving the 
compromised contractile and energetic relaxation is likely attributed to its ability to 
enhance the affinity of troponin C for Ca2+ binding, thereby intensifying the JCB. 
This impact is not primarily a result of inhibiting SERCA phosphorylation, which 
would increase the removal of cytosolic Ca2+. 

According to the findings presented in (Tran et al., 2009) and simulated in Figure 
20, a decrease in pH leads to a reduction in the Ca2+ sensitivity of SERCA. Study IV 
posits that the observed rise in metabolic proton and acidic residues in the I/R, as 
reported by (Grass et al., 2022), could potentially impact the functioning of SERCA 
through a pathological competitive proton binding. Acidic residues involved in 
proton and Ca2+ binding (Tran et al., 2009) demonstrate a greater affinity of proton 
for the Ca2+ binding sites in the SERCA luminal orientation. Conversely, they show 
a lower affinity of proton binding to cytosol-facing Ca2+ binding docks (Tran et al., 
2009). As these factors gain higher influence in the acidic environment of ischemia, 
the reduction in Kd,Hsr in the reparameterization (Table 11), increasing the distance 
between Kd,Hi and Kd,Hsr, suggests that ischemia may enhance the competitive proton 
binding for the luminal oriented Ca2+ binding sites of SERCA, ultimately leading to 
an elevation in SR Ca2+, as demonstrated in Figure 25D. Significantly, the 
aforementioned findings indicate that the increase in proton leak has a dual effect: 
firstly, it disrupts cellular metabolism, resulting in heightened oxidative stress during 
I/R (Grass et al., 2022); and secondly, it may exacerbate an already perturbed 
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related heart failure. The authors proposed that this impairment in diastolic function 
is a result of inhibited phosphorylation of SERCA. It is noteworthy that hiMCES 
model in Study IV also predicts an inhibition of SERCA phosphorylation activity 
during the reperfusion phase, as depicted in Figure 25H. Significantly, within the 
context of I/R, this inhibition may suggest a mechanism that contributes to the 
augmentation of the already elevated levels of phosphate groups, which are known 
to be associated with I/R injuries (Ng, 2004). 

Notably, the increased contraction ATPase rate in response to CE transition to 
hypoxic metabolite concentrations (Table 8) elevated the simulated OCR at the onset 
of ischemia (Figure 4D in Study IV). In the context of I/R treatment, mapping the 
abnormal oxygen dynamic at the onset of ischemia onto the abnormally elevated 
contractile ATPase rate is indicative of the therapeutic significance of targeting the 
CE compared to other ionic factors affecting the OCR. Furthermore, these data 
highlight the importance of troponin C-affiliated Ca2+ sensitizing inotropes like Levo 
in restoring the cardiac contractile functionality independent of oxygen consumption 
(Ng, 2004). 

 
 

6.4 Limitations and future perspectives 

 
The models presented in this study effectively capture several important 
electromechanical outcomes of hiPSC-CMs. However, further investigation and 
simulation are required to study the inherent heterogeneity of myofilaments, which 
may vary across different morphologies of hiPSC-CMs. Moreover, it should be 
noted that all the models described in this thesis have been implemented using 
ODEs. In other words, the explicit incorporation of spatial aspects has not been 
taken into account. In order to uphold a practical system of ODEs, the CE submodel 
incorporates approximations. Nevertheless, in order to account for spatial scales and 
local interactions that cannot be explicitly modeled by mean-field approaches, 
approximations are made in Ca2+-based myofilament activation and the utilization 
of mean XB strains. Other essential limitations affecting the translational power of 
such studies include hiPSC-CMs immaturity, strong dependence of ischemic in vitro 
studies on O2 and insufficient data on other energetic mechanisms such as 
mitochondria, and translational challenges between in vitro studies and in vivo 
conditions. Another inherent limitation shared in all Studies I-IV might arise from 
the methodology itself, i.e., choosing the sets of in vitro data for 
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calibrations/validations coupled with the in vitro data quality and protocol 
discrepancies.  In the next sections, I detail the limitations and future research 
potentials for each model developed in this thesis. 
 
6.4.1 The hiPSC-CM-CE model (Study II) 
 
Study II (Forouzandehmehr, Koivumäki, et al., 2021) demonstrates that the hiPSC-
CM-CE model effectively predicts the inotropic effects of non-CMs in hiPSC-CMs 
tissues as an inter-scale analysis. However, it is important to note that this model is 
a simplified representation of the actual system. To achieve a more comprehensive 
understanding, future research should consider incorporating the influence of 
heterogeneous hiPSC-CMs substrates, EHT sarcomere alignments, and myosin 
expression into the modelling framework. 

It would be of interest to investigate the impact of incorporating the 
reparametrized CE into other hiPSC-CMs electrophysiology models such as 
Kernik2019 and Koivumäki2018 models (Kernik et al., 2019; Koivumäki et al., 
2018). In (Paci, T Koivumäki, et al., 2021), authors have compared the three models 
in terms of their responses to drugs. However, I deemed it beyond the purview of 
this thesis due to the following rationales. The complexity of integrating the CE in 
the Koivumäki2018 study is greatly influenced by the intracellular 
compartmentalization. In contrast, the Kernik2019 model exhibits a comparable 
compartmentalization approach as observed in the Paci2020 model. Nevertheless, 
the integration of the CE models would pose certain challenges, primarily stemming 
from variations in the handling of Ca2+ ions between the Paci2020 and Kernik2019 
models. The latter model replicates a CaT peak that is 2.5 times higher and an ICaL 
amplitude that is 50% greater. Given the nonlinearity observed in Ca2+ cooperation 
and sensitivity in the CE, it becomes necessary to employ a distinct 
reparameterization approach. The integration of the current reparameterization of 
the Rice CE into the Kernik2019 model would yield an electromechanical model 
that lacks consistency with experimental ranges in terms of its simulated results. 

 
6.4.2 The hiMCE model (Study III) 
 
I postulated that the administration of 0.5 µM MAVA has the potential to normalize 
the heightened levels of MgADP and Pi in the HCM model variant, bringing them 
back to their original baseline values as documented in Table 5. While this 
assumption aligns with the proposed mechanism of action of MAVA as described 
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related heart failure. The authors proposed that this impairment in diastolic function 
is a result of inhibited phosphorylation of SERCA. It is noteworthy that hiMCES 
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related heart failure. The authors proposed that this impairment in diastolic function 
is a result of inhibited phosphorylation of SERCA. It is noteworthy that hiMCES 
model in Study IV also predicts an inhibition of SERCA phosphorylation activity 
during the reperfusion phase, as depicted in Figure 25H. Significantly, within the 
context of I/R, this inhibition may suggest a mechanism that contributes to the 
augmentation of the already elevated levels of phosphate groups, which are known 
to be associated with I/R injuries (Ng, 2004). 

Notably, the increased contraction ATPase rate in response to CE transition to 
hypoxic metabolite concentrations (Table 8) elevated the simulated OCR at the onset 
of ischemia (Figure 4D in Study IV). In the context of I/R treatment, mapping the 
abnormal oxygen dynamic at the onset of ischemia onto the abnormally elevated 
contractile ATPase rate is indicative of the therapeutic significance of targeting the 
CE compared to other ionic factors affecting the OCR. Furthermore, these data 
highlight the importance of troponin C-affiliated Ca2+ sensitizing inotropes like Levo 
in restoring the cardiac contractile functionality independent of oxygen consumption 
(Ng, 2004). 

 
 

6.4 Limitations and future perspectives 

 
The models presented in this study effectively capture several important 
electromechanical outcomes of hiPSC-CMs. However, further investigation and 
simulation are required to study the inherent heterogeneity of myofilaments, which 
may vary across different morphologies of hiPSC-CMs. Moreover, it should be 
noted that all the models described in this thesis have been implemented using 
ODEs. In other words, the explicit incorporation of spatial aspects has not been 
taken into account. In order to uphold a practical system of ODEs, the CE submodel 
incorporates approximations. Nevertheless, in order to account for spatial scales and 
local interactions that cannot be explicitly modeled by mean-field approaches, 
approximations are made in Ca2+-based myofilament activation and the utilization 
of mean XB strains. Other essential limitations affecting the translational power of 
such studies include hiPSC-CMs immaturity, strong dependence of ischemic in vitro 
studies on O2 and insufficient data on other energetic mechanisms such as 
mitochondria, and translational challenges between in vitro studies and in vivo 
conditions. Another inherent limitation shared in all Studies I-IV might arise from 
the methodology itself, i.e., choosing the sets of in vitro data for 

 

99 

calibrations/validations coupled with the in vitro data quality and protocol 
discrepancies.  In the next sections, I detail the limitations and future research 
potentials for each model developed in this thesis. 
 
6.4.1 The hiPSC-CM-CE model (Study II) 
 
Study II (Forouzandehmehr, Koivumäki, et al., 2021) demonstrates that the hiPSC-
CM-CE model effectively predicts the inotropic effects of non-CMs in hiPSC-CMs 
tissues as an inter-scale analysis. However, it is important to note that this model is 
a simplified representation of the actual system. To achieve a more comprehensive 
understanding, future research should consider incorporating the influence of 
heterogeneous hiPSC-CMs substrates, EHT sarcomere alignments, and myosin 
expression into the modelling framework. 

It would be of interest to investigate the impact of incorporating the 
reparametrized CE into other hiPSC-CMs electrophysiology models such as 
Kernik2019 and Koivumäki2018 models (Kernik et al., 2019; Koivumäki et al., 
2018). In (Paci, T Koivumäki, et al., 2021), authors have compared the three models 
in terms of their responses to drugs. However, I deemed it beyond the purview of 
this thesis due to the following rationales. The complexity of integrating the CE in 
the Koivumäki2018 study is greatly influenced by the intracellular 
compartmentalization. In contrast, the Kernik2019 model exhibits a comparable 
compartmentalization approach as observed in the Paci2020 model. Nevertheless, 
the integration of the CE models would pose certain challenges, primarily stemming 
from variations in the handling of Ca2+ ions between the Paci2020 and Kernik2019 
models. The latter model replicates a CaT peak that is 2.5 times higher and an ICaL 
amplitude that is 50% greater. Given the nonlinearity observed in Ca2+ cooperation 
and sensitivity in the CE, it becomes necessary to employ a distinct 
reparameterization approach. The integration of the current reparameterization of 
the Rice CE into the Kernik2019 model would yield an electromechanical model 
that lacks consistency with experimental ranges in terms of its simulated results. 

 
6.4.2 The hiMCE model (Study III) 
 
I postulated that the administration of 0.5 µM MAVA has the potential to normalize 
the heightened levels of MgADP and Pi in the HCM model variant, bringing them 
back to their original baseline values as documented in Table 5. While this 
assumption aligns with the proposed mechanism of action of MAVA as described 

 

98 

related heart failure. The authors proposed that this impairment in diastolic function 
is a result of inhibited phosphorylation of SERCA. It is noteworthy that hiMCES 
model in Study IV also predicts an inhibition of SERCA phosphorylation activity 
during the reperfusion phase, as depicted in Figure 25H. Significantly, within the 
context of I/R, this inhibition may suggest a mechanism that contributes to the 
augmentation of the already elevated levels of phosphate groups, which are known 
to be associated with I/R injuries (Ng, 2004). 

Notably, the increased contraction ATPase rate in response to CE transition to 
hypoxic metabolite concentrations (Table 8) elevated the simulated OCR at the onset 
of ischemia (Figure 4D in Study IV). In the context of I/R treatment, mapping the 
abnormal oxygen dynamic at the onset of ischemia onto the abnormally elevated 
contractile ATPase rate is indicative of the therapeutic significance of targeting the 
CE compared to other ionic factors affecting the OCR. Furthermore, these data 
highlight the importance of troponin C-affiliated Ca2+ sensitizing inotropes like Levo 
in restoring the cardiac contractile functionality independent of oxygen consumption 
(Ng, 2004). 

 
 

6.4 Limitations and future perspectives 

 
The models presented in this study effectively capture several important 
electromechanical outcomes of hiPSC-CMs. However, further investigation and 
simulation are required to study the inherent heterogeneity of myofilaments, which 
may vary across different morphologies of hiPSC-CMs. Moreover, it should be 
noted that all the models described in this thesis have been implemented using 
ODEs. In other words, the explicit incorporation of spatial aspects has not been 
taken into account. In order to uphold a practical system of ODEs, the CE submodel 
incorporates approximations. Nevertheless, in order to account for spatial scales and 
local interactions that cannot be explicitly modeled by mean-field approaches, 
approximations are made in Ca2+-based myofilament activation and the utilization 
of mean XB strains. Other essential limitations affecting the translational power of 
such studies include hiPSC-CMs immaturity, strong dependence of ischemic in vitro 
studies on O2 and insufficient data on other energetic mechanisms such as 
mitochondria, and translational challenges between in vitro studies and in vivo 
conditions. Another inherent limitation shared in all Studies I-IV might arise from 
the methodology itself, i.e., choosing the sets of in vitro data for 

 

99 

calibrations/validations coupled with the in vitro data quality and protocol 
discrepancies.  In the next sections, I detail the limitations and future research 
potentials for each model developed in this thesis. 
 
6.4.1 The hiPSC-CM-CE model (Study II) 
 
Study II (Forouzandehmehr, Koivumäki, et al., 2021) demonstrates that the hiPSC-
CM-CE model effectively predicts the inotropic effects of non-CMs in hiPSC-CMs 
tissues as an inter-scale analysis. However, it is important to note that this model is 
a simplified representation of the actual system. To achieve a more comprehensive 
understanding, future research should consider incorporating the influence of 
heterogeneous hiPSC-CMs substrates, EHT sarcomere alignments, and myosin 
expression into the modelling framework. 

It would be of interest to investigate the impact of incorporating the 
reparametrized CE into other hiPSC-CMs electrophysiology models such as 
Kernik2019 and Koivumäki2018 models (Kernik et al., 2019; Koivumäki et al., 
2018). In (Paci, T Koivumäki, et al., 2021), authors have compared the three models 
in terms of their responses to drugs. However, I deemed it beyond the purview of 
this thesis due to the following rationales. The complexity of integrating the CE in 
the Koivumäki2018 study is greatly influenced by the intracellular 
compartmentalization. In contrast, the Kernik2019 model exhibits a comparable 
compartmentalization approach as observed in the Paci2020 model. Nevertheless, 
the integration of the CE models would pose certain challenges, primarily stemming 
from variations in the handling of Ca2+ ions between the Paci2020 and Kernik2019 
models. The latter model replicates a CaT peak that is 2.5 times higher and an ICaL 
amplitude that is 50% greater. Given the nonlinearity observed in Ca2+ cooperation 
and sensitivity in the CE, it becomes necessary to employ a distinct 
reparameterization approach. The integration of the current reparameterization of 
the Rice CE into the Kernik2019 model would yield an electromechanical model 
that lacks consistency with experimental ranges in terms of its simulated results. 

 
6.4.2 The hiMCE model (Study III) 
 
I postulated that the administration of 0.5 µM MAVA has the potential to normalize 
the heightened levels of MgADP and Pi in the HCM model variant, bringing them 
back to their original baseline values as documented in Table 5. While this 
assumption aligns with the proposed mechanism of action of MAVA as described 



 

100 

by (Green et al., 2016), it still represents a simplification. Additionally, a primary 
limitation of hiPSC-CMs is their dependence on glycolytic metabolism, which differs 
from the fatty acid-based metabolism observed in native hV-CMs. Another factor 
that contributes to variations in energy levels is the disparity between the 
surrounding medium in vitro and in vivo settings. As hiMCE model does not 
incorporate the energy production process, we deem it appropriate to exclude the 
discussion of metabolic differences from the scope of this study. As the availability 
of comprehensive in vitro data on hiPSC-CM metabolism increases, the modeling 
endeavors outlined in this thesis provide a robust foundation for the subsequent 
development of cardiomyocyte models that incorporate energy production. 

The structural immaturity of hiPSC-CMs, as well as their distinctive sarcomere 
alignment and performance, and their impact on HCM and drug-induced studies are 
noteworthy. The fundamental basis for the model HCM variant and MAVA 
calibration lies in the utilization of in vitro data from hiPSC-CMs at day 30 following 
differentiation, which provides evidence of cardiomyocyte maturation (Toepfer et 
al., 2020). To validate the hiPSC-CMs findings in relation to in vivo data, (Toepfer et 
al., 2020) performed comparative analyses on both a mouse model of HCM and 
human cardiac tissues affected by HCM. The analysis demonstrated that both the 
HCM variant in mice and the HCM variant in hiPSC-CMs exhibited increased 
contractility compared to their respective WT models, as depicted in Figure 3 C&I 
of (Toepfer et al., 2020). In addition, an extended contractile relaxation was also 
noted in both mouse CMs and hiPSC-CMs as illustrated in Figure 3D&J of (Toepfer 
et al., 2020). Furthermore, (Toepfer et al., 2020) demonstrated a reduction in 
hypercontractility and myosin population in mouse CMs and hiPSC-CMs as a result 
of MAVA treatment. This dose-dependent decrease was observed in Figure 3, panels 
E and K of the aforementioned study. Overall, the findings presented in Figure 3 of 
(Toepfer et al., 2020) demonstrate that the effects of HCM and drug-induced 
changes on hiPSC-CMs align with the observed patterns in mouse WT and R403Q 
cardiomyocyte variants. The primary focus of this thesis was to prioritize the 
utilization of in vitro data from hiPSC-CMs for the calibration and validation of 
results. However, it is important to note that the aforementioned points suggest that 
the validation of and calibration for MYH7R403Q/+ and drug-induced outcomes using 
cell lines other than hiPSC-CMs remain valid and acceptable methodologies. 

Moreover, due to its 0D nature, the hiMCE computational model does not 
explicitly incorporate the characteristic sarcomere disorganization observed in 
hiPSC-CMs. As additional experimental data becomes accessible, exploring this 
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potential avenue for computational studies in HCM holds promise for its potential 
significance and interest. 

 
6.4.3 The hiMCES model (Study IV) 
 
Study IV does not incorporate the energetic component due to the scarcity of 
available data on hiPSC-CM mitochondrial dynamics. Moreover, it should be noted 
that the hiMCES model lacks an ATP-sensitive INaK formulation. Consequently, the 
representation of the INaK in the OCR formulation is a simplified approximation. 
Future research endeavors could potentially derive significant advantages by 
enhancing the level of detail regarding crossbridge cycling in the CE model. This 
enhancement could facilitate a comprehensive characterization of the relaxation 
dysfunction associated with I/R and shed light on the underlying mechanism of 
action of Levo. 

Another limitation affecting Study IV was the limitations of the in vitro research 
(Gaballah et al., 2022) I used to validate the results and also justify the methodology. 
Namely, not distinguishing hiPSC-CMs subtypes (atrial, ventricular, and nodal), 
absence of metabolic profile measurements giving information on ATP, ADP, and 
phosphorylation states, and randomness in Ca2+ video imaging. In addition, the 
maladoptive reduction of the cell culture oxygen level provided the time-window for 
the hiPSC-CMs to adopt to the new condition which is dissimilar to in vivo acute 
ischemia where the temporal events are usually sudden (Gaballah et al., 2022). 
Moreover, the metabolic resemblance of the hiPSC-CMs in vitro to fetal CMs, 
specifically, their dependence on glycolysis rather than FA-based oxidative pathway 
was another limitation affecting also Study IV structure. 

Finally, similar to Studies I-III, Study IV also face the structural limitation 
imposed by using ODEs for such biological environment, i.e., lacking explicit 
description of spatial aspects of hiPSC-CMs at cell level, especially in the CE 
submodel (details are given in (Rice et al., 2008)). 
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potential avenue for computational studies in HCM holds promise for its potential 
significance and interest. 

 
6.4.3 The hiMCES model (Study IV) 
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102 

7 CONCLUSION 

 
7.1 Biophysical modeling development and calibration maps 

 
Meeting the accurate FCS, CRT50, and AT amplitude were introduced as the 
optimization goals of the CM electromechanical calibrations. The sensitivity analysis 
and dynamics of the CE machinery studied in Studies I&II offer a robust 
reparameterization roadmap specifically from animal-based computational 
myofilament submodels to hiPSC-CMs contractile phenotype. A correct 
categorization of inotropic effects of non-CMs was recapitulated in accord with 
hiPSC-CMs experimental reports. The offered formulation as a passive force can be 
a basis for future advanced machine learning algorithms targeting classifications of 
such. Finally, the initial iteration of the in silico hiPSC-CMs electromechanics model 
underwent testing using a protocol that involved inducing arrhythmogenic and 
inotropic effects through drug administration. This model successfully replicated the 
occurrence of aftercontractions resulting from triggered EADs, in alignment with 
experimental data. The model demonstrates proficiency in facilitating the expansion 
and interpretation of the findings in the realms of computational simulations and in 
vitro experiments conducted on tissue and organ levels. 

Building upon hiPSC-CM-CE model, deep-phenotyping MYH7R403Q/+-HCM 
pathophysiology and MAVA effect with regard to the metabolite contractile 
machinery was offered in Study III. The metabolite-sensitivity in the CE played a 
key role in capturing the contractile disfunction, in terms of hypercontractility and 
irregular CRT50, in R403-HCM and the cardioprotective effect of MAVA. 
Explicitly, the model could map the disturbed interfilament kinetics in HCM onto 
optimization of CE parameters affecting XB state transitions and Pi, MgATP, and 
MgADP. 

Ultimately, Study IV offers the most complete model of cell-biophysics and 
calibration setup as it includes a metabolite-sensitive model of SERCA pump in 
tandem with a metabolite-sensitive CE particularly optimized to capture the 
ischemic-induced effects, importantly, AP and CaT abnormalities. 
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7.2 Extending the orthodox drug modeling formalism  

In traditional channel-blocking formalism (based on IC50s and Hill coefs.), the first 
model developed in this thesis, hiPSC-CM-CE (Study II), simulated the drug-
induced effects on the electrophysiology and contractility consistently. The 
therapeutic compounds investigated in Study III were sarcomere targeting 
molecules; MAVA, BLEB, and OM. Therefore, their mechanism of action was 
modeled by CE optimizations accordingly, and the XB parameter governing the 
dose-dependence of OM and BLEB inotropic effect was identified. In Study IV, in 
accord with dose-dependent inotropic data of Levo, the increase in the troponin C 
affinity for Ca2+ in presence of Levo was modeled by change in the transition rate 
between troponin and Ca-bound troponin states (Kon) in XB cycling. Furthermore, 
the dose-dependent effect of Levo as an IKATP agonist was included in the drug-
induced calibration besides the channel-blockings for INa, ICaL, and IKr, leading to 
more reliable predictions of drug effects in I/R. 

 
 
7.3 Discovering cellular crosstalks in ischemia/reperfusion 

Extending the biophysics of the model by inclusion of metabolite-sensitivity, oxygen 
dynamics, and optimizations helped in deep-phenotyping hiPSC-CMs in I/R. 
Explicitly, introducing an oxygen dynamic formulation with a contractile ATPase 
rate was a first step toward linking the cellular energetics to OCR. 

Of note, the SERCA calibration provided insight into the abnormal competitive 
proton binding for SR during I/R. Explicitly, increased affinity of proton binding 
for luminal-oriented Ca2+ docking sites was suggested as a mechanism of SERCA 
response to I/R condition that leads to increased Ca2+ concentration in SR. 

Furthermore, the power of Ca2+ removal in ischemia is important as CaT is 
elevated. Our model predicted the upper hand of Ca2+ flux to the myofilament in 
comparison with SERCA Ca2+ uptake, also confirming that Levo does not increase 
the inotropy at the expense of elevated oxygen demand. 

Our findings suggest that, mechanistically, SERCA contributes similarly in I/R 
and sepsis-induced heart failure conditions which may be significant in the rationale 
for future drug development, specifically, in terms of SERCA contribution to the 
diastolic impairment in contractile relaxation and energetic function. Furthermore, 
hiMCES model suggested that the increase in proton leak in I/R, which results in 
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Building upon hiPSC-CM-CE model, deep-phenotyping MYH7R403Q/+-HCM 
pathophysiology and MAVA effect with regard to the metabolite contractile 
machinery was offered in Study III. The metabolite-sensitivity in the CE played a 
key role in capturing the contractile disfunction, in terms of hypercontractility and 
irregular CRT50, in R403-HCM and the cardioprotective effect of MAVA. 
Explicitly, the model could map the disturbed interfilament kinetics in HCM onto 
optimization of CE parameters affecting XB state transitions and Pi, MgATP, and 
MgADP. 

Ultimately, Study IV offers the most complete model of cell-biophysics and 
calibration setup as it includes a metabolite-sensitive model of SERCA pump in 
tandem with a metabolite-sensitive CE particularly optimized to capture the 
ischemic-induced effects, importantly, AP and CaT abnormalities. 

 

 

103 

 
7.2 Extending the orthodox drug modeling formalism  

In traditional channel-blocking formalism (based on IC50s and Hill coefs.), the first 
model developed in this thesis, hiPSC-CM-CE (Study II), simulated the drug-
induced effects on the electrophysiology and contractility consistently. The 
therapeutic compounds investigated in Study III were sarcomere targeting 
molecules; MAVA, BLEB, and OM. Therefore, their mechanism of action was 
modeled by CE optimizations accordingly, and the XB parameter governing the 
dose-dependence of OM and BLEB inotropic effect was identified. In Study IV, in 
accord with dose-dependent inotropic data of Levo, the increase in the troponin C 
affinity for Ca2+ in presence of Levo was modeled by change in the transition rate 
between troponin and Ca-bound troponin states (Kon) in XB cycling. Furthermore, 
the dose-dependent effect of Levo as an IKATP agonist was included in the drug-
induced calibration besides the channel-blockings for INa, ICaL, and IKr, leading to 
more reliable predictions of drug effects in I/R. 

 
 
7.3 Discovering cellular crosstalks in ischemia/reperfusion 

Extending the biophysics of the model by inclusion of metabolite-sensitivity, oxygen 
dynamics, and optimizations helped in deep-phenotyping hiPSC-CMs in I/R. 
Explicitly, introducing an oxygen dynamic formulation with a contractile ATPase 
rate was a first step toward linking the cellular energetics to OCR. 

Of note, the SERCA calibration provided insight into the abnormal competitive 
proton binding for SR during I/R. Explicitly, increased affinity of proton binding 
for luminal-oriented Ca2+ docking sites was suggested as a mechanism of SERCA 
response to I/R condition that leads to increased Ca2+ concentration in SR. 

Furthermore, the power of Ca2+ removal in ischemia is important as CaT is 
elevated. Our model predicted the upper hand of Ca2+ flux to the myofilament in 
comparison with SERCA Ca2+ uptake, also confirming that Levo does not increase 
the inotropy at the expense of elevated oxygen demand. 

Our findings suggest that, mechanistically, SERCA contributes similarly in I/R 
and sepsis-induced heart failure conditions which may be significant in the rationale 
for future drug development, specifically, in terms of SERCA contribution to the 
diastolic impairment in contractile relaxation and energetic function. Furthermore, 
hiMCES model suggested that the increase in proton leak in I/R, which results in 
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elevated oxidative stress, may also contribute to the ischemic Ca2+ overload through 
disrupted competitive proton binding in SERCA, a step toward establishing the 
connection between the elevation of oxidative stress and Ca2+ overload as the two 
main mechanisms of I/R injuries. Finally, Levo simulations linked the drug's 
ameliorative effect of the compound on contractile relaxation dysfunction to the 
drug's specific Ca2+ sensitizing mechanism, which involves Ca2+-bound troponin C 
and Ca2+ flux to the myofilament rather than SERCA phosphorylation inhibition. 
To summarize, Study IV introduced a novel and robust computational framework 
of electro-mechano-energetic coupling in hiPSC-CMs, leveraging recent advances in 
human-based in vitro data acquisition. Ultimately, the model can serve as a platform 
to test I/R treatment ideas according to the temporal evolution of metabolites and 
molecular mechanisms in cardiomyocytes. 

In summary, this thesis presents innovative and reliable computational 
frameworks for studying the interplay between electro-mechanical and energetic 
processes in hiPSC-CMs. Besides guiding the optimization of in vitro trials, these 
computational frameworks help increase the translational capacity of the latest 
advancements in human-based in vitro analyses. 
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Abstract 

 Human induced pluripotent stem cell-derived 
cardiomyocytes (hiPSC-CMs) are a valuable tool for in 
vitro drug testing and disease studies. As contractility has 
become one of the main experimental outputs, hiPSC-
CMs in silico models should also feature the mechanisms 
of force generation. Thus, we integrated two contractile 
elements (CE), Rice2008 and Negroni2015, into 
Paci2020 hiPSC-CM model. The simulated force-Ca2+ 
relationships from skinned versions of the CEs revealed 
rather close pCa50 values for both CEs: 6.17 and 6.10, 
respectively for Rice2008 and Negroni2015. However, 
Hill’s coefficients for the two curves were 7.30 and 3.6. 
The relationships agreed with in vitro data from human 
engineered heart tissues. Most of the biomarkers 
measured from simulated spontaneous action potentials 
(APs) and Ca2+ transients (CaTs) showed good 
agreement with in vitro data for both CEs. The active 
peak force observed in paced conditions (1 Hz) and at 
extracellular Ca2+ concentration ([Ca2+]o) of 1.8 mM was 
0.011 mN/mm2 for Paci2020+Rice2008 and 0.57 mN/mm2 
for Paci2020+Negroni2015. These values match, 
qualitatively with the 0.26 mN/mm2 peak force reported 
previously in vitro at [Ca2+]o=1.8 mM. Our results set an 
opening to develop more sophisticated hiPSC-CM models 
featuring both electrophysiology and biomechanics. 

 
1. Introduction 

The role of computer-based modeling in cardiac 
pathophysiology investigations in a variety of scopes 
(from the arterial network to cell electrophysiological in 
silico models) through different approaches (finite 
element analysis to machine learning algorithm), has 
become increasingly important in recent years [1]–[7]. 

As a valuable modeling tool, human induced 
pluripotent stem cell-derived cardiomyocytes (hiPSC-
CM) have been considered a promising structure for drug 
testing and disease studies, since they retain the same 
genetic information as the donor. Notably, the need for 

prediction of drug effects and cardiotoxicity highlights 
the importance of developing in silico methods as well as 
use of hiPSC-CMs; the fact which also has made it 
essentially supported by the Comprehensive In Vitro 
Proarrhythmia Assay (CiPA) initiative [8]–[10].  

Biomarkers calculated from Ca2+ transients (CaTs) are 
as valuable as the ones measured from action potential 
(AP), due to the vital role of Ca2+ cycling in cell functions 
and the increasing access to hiPSC-CM Ca2+ data. 
Notably, Ca2+ is fundamental in the heart excitation-
contraction (EC) coupling, i.e., how the electrical and the 
mechanical properties of the heart are linked together and 
how the AP leads to the cardiomyocyte contraction. 
Indeed, the association of cardiac electrical and 
mechanical properties is shaped in view of Ca2+ cycling. 
Controversially, in previously developed cardiac muscle 
mechanical models, the contractile part, in effect, has 
been divorced from the electrophysiology formalism [11]. 
While this gap has started to be filled by a number of 
studies which have addressed the length and force-
dependent relationships of Ca2+ and crossbridge 
construction, yet the majority has not gone beyond the 
cardiomyocyte ion handling and electrophysiological 
indices [12].  

Improvement in understanding of the EC coupling, as 
the key player in generating sequential contraction of 
cardiac muscles, and the pro-arrhythmic risk assessments, 
highlight the need for a comprehensive mathematical 
hiPSC-CM model, specifically in mechanical terms. Here, 
two well-established mathematical contractile element 
(CE) models, namely Rice2008 [13] and Negroni2015 
[14], have been integrated into the recently published 
Paci2020 hiPSC-CM in silico model [15]. We assessed 
the CE’s impact on hiPSC-CM electrophysiology in terms 
of AP and CaT biomarkers and proposed a preliminary 
comparison of the capabilities of the two CEs in 
recapitulating in vitro hiPSC-CM force-Ca2+ data. As 
future steps, it is noteworthy that such findings can be 
validated against novel in vitro measurements reported 
previously on hiPSC-CMs [16]. 
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2. Materials and methods 

2.1. Contractile element and integration 

In Negroni2015 machinery, myosin heads attach to 
actin in the overlapping area of thin and thick filaments. 
This zone emerges following their sliding past each other 
and enables cross bridges (XB) to form and as a result 
generates the force. XBs are assumed as elastic 
components which have a mobile end and a fixed end 
secured to the free end of thick filament (Fig.1). 

Similarly, in Rice2008 CE structure, the action of 
cycling XBs is responsible for the development of the 
active force. Explicitly, the fraction of myosin heads in 
the overlap zone initiates the force development. 
However, the contributions of the passive force and the 
viscoelastic component must be considered to simulate a 
more comprehensive myofilament response. In our 
simulations, the muscle length of 2.1 µm was assumed as 
the rest length at which there is no passive force. The 
optional series elastic element in Rice2008 is suitable for 
simulation of protocols which the internal sarcomere can 
shorten owing to the stretch in the compliant end. Also, 
we assumed the myofilament in the Rice CE has a 
Newtonian viscosity set to 0.3% of Fmax µm-1 s-1 based on 
an experimental mean value [17]. 

The Ca2+ binding to troponin system is the main 
conception underlying the two CEs which were integrated 
to Paci2020 model. While the two CEs significantly differ 
from how they handle the states of troponin system, the 
crossbridge mechanism, and the Ca2+ bindings, both use 
the cytosolic Ca2+ to run their multiple states of troponin 
regulations and simulate the dynamic flux of Ca2+ 
towards the myofilament as the feedback. The detail of 
Ca2+ binding to troponin can be found in [13], [14]. 

 
3. Results and discussion 

3.1. Force-Ca2+ relationship 

The simulated force-Ca2+ relationships showed a rather 
close pCa50 values for both CEs: 6.17 and 6.10 for 
Rice2008 and Negroni2015, respectively. Whereas, Hill’s 
coefficients for the two curves were 7.30 and 3.60. As can 
be seen in Fig. 2, the relationships were in qualitative 
agreement with in vitro data obtained from human 
engineered heart tissues [18]. 

 
3.2.  Force development and Ca2+ 
transients after integration 

 The active peak force observed in paced conditions (1 
Hz) and at extracellular Ca2+ concentration ([Ca2+]o) of 
1.8 mM was 0.011 mN/mm2 for Paci2020+Rice2008 and 
0.57 mN/mm2 for Paci2020+Negroni2015. As can be 
observed also in Fig. 3, these values match, qualitatively, 

the 0.26 mN/mm2 the in vitro peak force reported 
previously by Stoehr et al. at [Ca2+]o = 1.8 mM [18]. 

 

 
Figure 1. The mechanical schematic illustrations of the 

Negroni2015 (upper panel) and Rice2008 (lower panel). 
 

 
    Figure 2. Simulated force-Ca2+ relationships of skinned 
versions of the Negroni model (blue), Rice model 
(orange), and recorded on engineered heart tissues (EHT) 
(in vitro data from [18]). 

 
3.3. Force-SL relationship 

As the developed force is directly influenced by the 
Sarcomere Length (SL), we studied the effect of change 
in SL on the developed active force in 1 Hz paced 
condition (Fig. 4). As can be seen, the increase in SL 
resulted in the elevation of peak force. Furthermore, the 
trend of simulated results follows its corresponding in 
vitro data reported for cat trabeculae [19]. 
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Figure 3. CaTs (upper panel) and the developed active 

force (lower panel) simulated for the Paci2020+Rice2008 
and Paci2020+Negroni2015 models for [Ca2+]o = 1.8 mM 
and 1 Hz pacing.  

 
   Figure 4. Calculated developed peak force of the two 
integrated hiPSC-CM model with respect to change in 
Sarcomere Length (SL) (upper panel). In vitro data of 
force-SL relationship measured in cat cardiac trabeculae 
from [19] (lower panel). 

 
3.4.  Evaluation of biomarkers 

The ability to replicate key AP and CaT biomarkers 
was studied for the two integrated models. These 
simulations were done in spontaneous beating condition. 
In both hiPSC-CM models with integrated CEs, most of 
the biomarkers measured from simulated spontaneous 
APs and CaTs showed good agreement with the 
corresponding in vitro data. Notably, unlike the 
Paci2020+Negroni2015, the model with the Rice2008 CE 
replicated also the AP triangulation factor (AP Tri) of 
ventricular like hiPSC-CMs within the experimental 
range. Tables 1 and 2 show the biomarkers values for 
each model and indicate whether they have successfully 
recapitulated experimental results. 

 
Table 1. Biomarker evaluation for 
Paci2020+Negroni2015. WER: within experimental 
range. 

 
Biomarker  Simulated 

Value 
Exp. Value 
(Mean±SD) 

WER 

APA (mV)  104.6 104±6 true 
MDP (mV) -75.3 -75.6±6.6 true 
AP CL (ms) 1504.9 1700±548 true 
dV/dt max (V/s) 13.5 27.8±26.3 true 
APD10 (ms) 92.3 74.1±26.3 true 
APD30 (ms) 230.7 180±59 true 
APD90 (ms) 377.3 415±119 true 
AP Tri 
CaT DURATION (ms) 
CaT tRise10, peak (ms) 
Cat tRise10,50 (ms) 
CaT tRise10,90 (ms) 
CaT tDecay90,10 (ms) 

3.69 
641.3 
131.4 
38.3 
82.4 
331 

2.5±1.1 
805±188 
270±108 
82.9±50.5 
167±70 
410±100 

false 
true 
false 
true 
false 
true 

 
Table 2. Biomarker evaluation for Paci2020+Rice2008. 

 
Biomarker  Simulated 

Value 
Exp.Value 
(Mean±SD) 

WER 

APA (mV)  104.7 104±6 true 
MDP (mV) -75.3 -75.6±6.6 true 
AP CL (ms) 1558.6 1700±548 true 
dV/dt max (V/s) 14.0 27.8±26.3 true 
APD10 (ms) 93.4 74.1±26.3 true 
APD30 (ms) 234.5 180±59 true 
APD90 (ms) 384.9 415±119 true 
AP Tri 
CaT DURATION (ms) 
CaT tRise10, peak (ms) 
Cat tRise10,50 (ms) 
CaT tRise10,90 (ms) 
CaT tDecay90,10 (ms) 

3.57 
680.4 
136.3 
39.4 
86.2 
348.7 

2.5±1.1 
805±188 
270±108 
82.9±50.5 
167±70 
410±100 

true 
true 
false 
true 
false 
true 

 
To elucidate, AP biomarkers assessed are listed as: 

APA (AP amplitude), MDP (maximum diastolic 
potential), CL (cycle length), dV/dt max (maximum 
upstroke velocity), APD10 and APD30 and APD90 (AP 
duration at 10, 30, 90% of repolarization), AP Tri (AP 
triangulation factor). Also, CaT biomarkers are 
DURATION (duration of the transient), tRise10, peak (time 
to peak), tRise10, 50 and tRise10, 90 (rise time from 10 to 
50% and 90% of maximum threshold), and tDecay90,10 
(decay time from 90 to 10%). 

 
4. Conclusion 

The role of hiPSC-CMs and their mathematical 
modelling, has become increasingly prevalent in 
fundamental studies of electrophysiological and 
contractile function, as well as, pharmacological tests. 
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upstroke velocity), APD10 and APD30 and APD90 (AP 
duration at 10, 30, 90% of repolarization), AP Tri (AP 
triangulation factor). Also, CaT biomarkers are 
DURATION (duration of the transient), tRise10, peak (time 
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4. Conclusion 
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fundamental studies of electrophysiological and 
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Page 3



Here, two established CE models, namely Rice2008 and 
Negroni2015, have been integrated into Paci2020 hiPSC-
CM model. Our work represents a first attempt to move 
beyond electrophysiology in in silico descriptions of 
hiPSC-CMs, through evaluating two of CE models. Our 
results show a qualitative agreement with in vitro data 
from hiPSC-CMs and represent a starting point to 
develop more refined hiPSC-CM models combining both 
electrophysiology and contractility. This new generation 
of in silico models will be able to simulate the effects of 
diseases affecting not only the electrophysiology (e.g. 
channelopathies), but also the contractile machinery (e.g. 
hypertrophic or dilated cardiomyopathy).  
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Here, two established CE models, namely Rice2008 and 
Negroni2015, have been integrated into Paci2020 hiPSC-
CM model. Our work represents a first attempt to move 
beyond electrophysiology in in silico descriptions of 
hiPSC-CMs, through evaluating two of CE models. Our 
results show a qualitative agreement with in vitro data 
from hiPSC-CMs and represent a starting point to 
develop more refined hiPSC-CM models combining both 
electrophysiology and contractility. This new generation 
of in silico models will be able to simulate the effects of 
diseases affecting not only the electrophysiology (e.g. 
channelopathies), but also the contractile machinery (e.g. 
hypertrophic or dilated cardiomyopathy).  
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Abstract
Human	 induced	 pluripotent	 stem	 cell-	derived	 cardiomyocytes	 (hiPSC-	CMs)	
are	becoming	 instrumental	 in	cardiac	research,	human-	based	cell	 level	cardio-
toxicity	tests,	and	developing	patient-	specific	care.	As	one	of	the	principal	func-
tional	readouts	is	contractility,	we	propose	a	novel	electromechanical	hiPSC-	CM	
computational	model	named	the	hiPSC-	CM-	CE.	This	model	comprises	a	repar-
ametrized	version	of	contractile	element	(CE)	by	Rice	et	al.,	2008,	with	a	new	pas-
sive	force	formulation,	integrated	into	a	hiPSC-	CM	electrophysiology	formalism	
by	Paci	et	al.	in	2020.	Our	simulated	results	were	validated	against	in vitro	data	
reported	for	hiPSC-	CMs	at	matching	conditions	from	different	labs.	Specifically,	
key	action	potential	(AP)	and	calcium	transient	(CaT)	biomarkers	simulated	by	
the	hiPSC-	CM-	CE	model	were	within	the	experimental	ranges.	On	the	mechani-
cal	side,	simulated	cell	shortening,	contraction–	relaxation	kinetic	indices	(RT50	
and	RT25),	and	the	amplitude	of	 tension	fell	within	the	experimental	 intervals.	
Markedly,	as	an	inter-	scale	analysis,	correct	classification	of	the	inotropic	effects	
due	to	non-	cardiomyocytes	in	hiPSC-	CM	tissues	was	predicted	on	account	of	the	
passive	force	expression	introduced	to	the	CE.	Finally,	the	physiological	inotropic	
effects	caused	by	Verapamil	and	Bay-	K	8644	and	the	aftercontractions	due	to	the	
early	afterdepolarizations	(EADs)	were	simulated	and	validated	against	experi-
mental	data.	In	the	future,	the	presented	model	can	be	readily	expanded	to	take	
in	pharmacological	trials	and	genetic	mutations,	such	as	those	involved	in	hyper-
trophic	cardiomyopathy,	and	study	arrhythmia	trigger	mechanisms.

K E Y W O R D S

action	potential,	contractility,	drug	test,	human	stem	cell-	derived	cardiomyocyte,	immature	
cardiomyocytes,	in	silico	modeling
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1 	 | 	 INTRODUCTION

The	 rapid	 development	 of	 engineered	 heart	 tissue	 ap-
proaches	opens	novel	avenues	for	drug	trials	and	investi-
gating	heart	diseases,	building	on	the	recent	advancements	
in	 producing	 hiPSC-	CMs.	 Furthermore,	 by	 holding	 the	
same	genetic	information	as	the	donor,	hiPSC-	CM-	based	
methods	 hold	 great	 promise	 for	 developing	 patient-	
specific	treatment	options.	As	the	interest	in	investigating	
the	contractile	indices	of	hiPSC-	CMs	grows, in vitro mea-
surements	 of	 contractility,	 such	 as	 video	 microscopy	
(Ahola	et	al.,	2018),	are	becoming	a	standard	alongside	the	
more	classical	electrophysiological	studies,	such	as	patch-	
clamp	 experiments.	 Accordingly,	 there	 is	 a	 great	 need	
for	 developing	 comprehensive	 computational	 models	 of	
hiPSC-	CMs	that	describe	the	biomechanical	function,	in	
addition	 to	 electrophysiology.	 Aside	 from	 the	 chance	 to	
better	understand	the	underlying	physiology,	the	more	ad-
vanced	models	would	answer	the	pressing	need	for	drug	
effect	calculations	and	cardiotoxicity	predictions.	The	idea	
has	also	been	advocated	by	 the	Comprehensive	 In	Vitro	
Proarrhythmia	 Assay	 (CiPA)	 initiative	 (Strauss	 et	 al.,	
2019).

Mathematical	models	in	cardiology,	developed	on	dif-
ferent	scales,	have	been	growing	in	complexity,	thanks	to	
the	 progress	 in	 the	 predictive	 power	 of	 computer-	based	
frameworks	 (Amani	 et	 al.,	 2021;	 Forouzandehmehr	 &	
Shamloo,	 2018,	 2021;	 Hossain	 et	 al.,	 2014;	 Muller	 et	 al.,	
2014;	 Paci	 et	 al.,	 2013;	 Shamloo	 et	 al.,	 2019;	 Shamloo	 &	
Forouzandehmehr,	 2019;	 Zile	 &	 Trayanova,	 2018).	 The	
dominating	focus	in	the	mathematical	modeling	of	cardiac	
or	muscle	cells	has	been	the	electrophysiology	(Bartolucci	
et	al.,	2020;	Grandi	et	al.,	2010;	Kernik	et	al.,	2019;	O’Hara	
et	al.,	2011;	Paci,	Pölönen,	et	al.,	2018;	Tomek	et	al.,	2019;	
Tusscher	&	Panfilov,	2006),	and	the	electromechanical	as-
pect	has	received	much	less	attention.	In	some	non-	human	
multi-	scale	mathematical	models,	especially	for	the	mouse	
and	rat,	elements	of	myofilament	contraction	are	at	play	
with	 a	 detailed	 biophysical	 formalism	 (Rice	 et	 al.,	 2008;	
Campbell	et	al.,	2010;	Land	et	al.,	2013;	Land	&	Niederer,	
2015;	Sheikh	et	al.,	2012).	The	alterations	in	intracellular	
properties	can	be	associated	with	entire	organ	mechanical	
outcomes	using	such	models.	Moreover,	based	on	modifi-
cations	to	channels	or	the	proteins	involved	in	Ca2+	and	
contractile	 regulations,	 these	 models	 were	 successful	 in	
the	prediction	of	key	cardiac	function	indices.	To	include	
the	mechanical	aspects	of	cardiomyocytes,	there	have	been	
efforts	to	establish	human	biophysical	models	of	tension	
production	capable	of	integration	into	a	whole	organ	con-
traction	assembly	(Land	et	al.,	2017).	Furthermore,	some	
models	 of	 human	 ventricular	 cardiomyocyte	 (hV-	CM)	
electromechanics	 simulating	 active	 tensions	 and	 sarco-
mere	dynamics	(Margara	et	al.,	2020,	2021)	have	also	been	

introduced.	However,	there	is	a	lack	of	biophysical	models	
of	whole	hiPSC-	CM	electromechanics,	which	can	predict	
active	tension,	cell	shortening,	and	particularly	inotropic	
effect	of	non-	cardiomyocytes	(Iseoka	et	al.,	2018).

This	 study	 aimed	 to	 develop	 a	 comprehensive	 com-
putational	 model	 of	 hiPSC-	CMs	 to	 capture	 the	 essential	
cellular	electromechanics	and	 finally	validate	 the	model	
against	hiPSC-	CMs	in vitro	data.	Accordingly,	a	reparame-
trized	version	of	a	cardiac	myofilament	model	proposed	
by	Rice	et	al.	(2008),	with	a	new	passive	force	formulation,	
has	 been	 integrated	 into	 a	 hiPSC-	CM	 electrophysiology	
model	by	Paci	et	al.	(2020).	We	explored	and	validated	the	
capability	 of	 our	 model	 through	 simulations	 of	 AP	 and	
CaT	biomarkers,	the	key	electrophysiological	currents	and	
intracellular	 concentrations,	 the	 contraction–	relaxation	
velocity,	 fractional	 cell	 shortening,	 generated	 active	 ten-
sion,	aftercontractions,	as	well	as	drug-	induced	and	non-	
cardiomyocyte	mechanical	effects.

2 	 | 	 METHODS

2.1	 |	 The electrophysiology model

Figure	S1	in	the	Supplementary	Materials	shows	the	sche-
matics	 of	 the	 hiPSC-	CM-	CE	 model,	 outlining	 cell	 com-
partments,	 ion	 channels	 and	 pumps,	 and	 the	 CE.	 The	
model	 comprises	 two	 cellular	 compartments,	 which	 are	
cytosol	 and	 sarcoplasmic	 reticulum	 (SR).	 In	 Paci2020,	
both	If	and	 the	pre-	upstroke	 inward	component	of	Na+/
Ca2+	exchanger	(INCX)	sustain	the	spontaneous	electrical	
activity.	 The	 underlying	 electrophysiology	 is	 described	
by	the	classical	Hodgkin	&	Huxley	formalism,	giving	the	
membrane	potential	as	follows:

where	C	denotes	cell	capacitance,	Istim	is	the	stimulus	cur-
rent,	and	V	represents	membrane	potential.	All	simulations	
have	been	done	assuming	the	temperature	at	37°C	and	with	
extracellular	concentrations	of	151,	5.4,	and	1.8 mM	for	Na,	
K,	and	Ca2+,	respectively.

2.2	 |	 The contractile model

Figure	 S2  shows	 a	 schematic	 diagram	 of	 the	 CE	 (Rice	
et	 al.,	 2008),	 which	 takes	 in	 an	 adequate	 cellular	 ma-
chinery	 while	 maintaining	 an	 admirable	 balance	 be-
tween	 mechanistic	 detail	 and	 model	 parsimony.	 In	
Rice	 CE,	 to	 simulate	 the	 experimental	 protocols	 of	 in-
ternal	 sarcomere	 shortening,	 a	 series	 elastic	 element	

(1)C
dV

dt
= − (INa+ INaL+ ICaL+ If + IK1

+ IKr+ IKs+ Ito+ INaCa+ INaK+ IpCa+ IbNa+ IbCa− Istim)
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is	 considered	 to	 enable	 stretch	 in	 the	 compliant	 end.	
Ultimately,	to	improve	the	model	stability	and	circum-
vent	 sudden	 changes	 in	 sarcomere	 length	 velocity,	 a	
mass	term	has	been	considered.

The	 development	 of	 myofilament	 active	 force	 results	
from	 the	 fraction	of	 cross-	bridges	 (XBs)	which	can	bind	
strongly.	To	elucidate,	this	process	hinges	upon	the	over-
lay	of	 the	 thick	 filament	 (myosin)	and	 the	 thin	 filament	
(actin).	In	the	hiPSC-	CM-	CE	model,	the	rest	length	of	the	
sarcomere,	at	which	no	passive	force	exists,	has	been	set	
1.9 µm	in	accord	with	experimental	reports	for	hiPSC-	CMs	
(Pioner	et	al.,	2020).	Correspondingly,	the	Newtonian	vis-
cosity	of	the	myofilament	was	set	to	0.3%	of	Fmax	µm−1 s−1	
in	 line	 with	 experimental	 data	 (de	 Tombe	 &	 ter	 Keurs,	
1992).	In	non-	isosarcometric	scenarios,	the	change	in	sar-
comere	length	follows:

where	SL	is	the	sarcomere	length,	Frc	denotes	the	developed	
active	force,	vsc	is	the	viscosity,	and	m	is	mass.	The	integral	
force	has	been	defined	by	Equation	S4	in	the	supplementary	
materials.

Importantly,	a	distinct	feature	of	Rice2008	CE	is	how	
the	 calcium–	troponin	 binding	 system	 and	 thus	 the	 XB	
machinery	 is	 handled.	 There	 are	 two	 types	 of	 calcium	
binding:	 the	regulatory	Ca2+	binding,	which	only	affects	
thin-	filament	activation,	and	the	apparent	Ca2+	binding,	
which	influences	the	cytosolic	CaT,	in	other	words,	the	Ca	
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As	 given	 in	 Equation	 (3),	 the	 time	 rate	 of	 apparent	
Ca2+	 binding	 to	 troponin,	TropApr	 is	 multiplied	 by	 the	
total	buffer	concentration	of	troponin,	[Troponin],	which	
is	70 µM	in	our	 simulations.	Also,	 the	 flux	 from	cytoso-
lic	Ca2+	toward	the	myofilament	is	given	by	Equation	(4).	
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function	 of	 sarcomere	 length	 s.	TropL	 and	TropH	 denote	
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XBs.	 The	 equations	 and	 details	 of	 the	 CE	 used	 in	 the	
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cardiomyocytes	ratio	has	been	proven	critical	in	electro-
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from	 hiPSC-	CMs.	 Similarly,	 it	 plays	 a	 vital	 role	 in	 the	
structure/function	and	therapeutic	potentials	of	hiPSC-	
CMs	(Iseoka	et	al.,	2018).	Notably,	 the	quantity	of	non-	
cardiomyocytes	 is	 crucial	 in	 generating	 functional	
iPSC-	derived	 EHTs	 as	 grafts	 in	 cardiac-	regeneration	
therapy.	The	EHTs	containing	50–	70%	of	cardiomyocytes	
exhibited	stable	structures	and	increased	therapeutic	po-
tential	 (Iseoka	et	al.,	2018).	To	 include	the	effect	of	 the	
non-	cardiomyocyte	 components	 in	 the	 model	 and	 ac-
cording	 to	 the	 biphasic	 trend	 in	 contraction–	relaxation	
velocities	observed	for	different	cardiomyocyte	ratios	in	
EHTs	(Figure	S7),	we	introduced	a	piecewise	function	as	
the	passive	 force	 (Equation	5).	We	used	an	exponential	
first	guess	 for	 the	curve	fitting	regarding	the	trends	ob-
served	 in	Figure	S7	and	minimized	 the	error	manually,	
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hiPSC-	CMs	protocols	in	the	reported	experimental	ranges	
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1 	 | 	 INTRODUCTION

The	 rapid	 development	 of	 engineered	 heart	 tissue	 ap-
proaches	opens	novel	avenues	for	drug	trials	and	investi-
gating	heart	diseases,	building	on	the	recent	advancements	
in	 producing	 hiPSC-	CMs.	 Furthermore,	 by	 holding	 the	
same	genetic	information	as	the	donor,	hiPSC-	CM-	based	
methods	 hold	 great	 promise	 for	 developing	 patient-	
specific	treatment	options.	As	the	interest	in	investigating	
the	contractile	indices	of	hiPSC-	CMs	grows, in vitro mea-
surements	 of	 contractility,	 such	 as	 video	 microscopy	
(Ahola	et	al.,	2018),	are	becoming	a	standard	alongside	the	
more	classical	electrophysiological	studies,	such	as	patch-	
clamp	 experiments.	 Accordingly,	 there	 is	 a	 great	 need	
for	 developing	 comprehensive	 computational	 models	 of	
hiPSC-	CMs	that	describe	the	biomechanical	function,	in	
addition	 to	 electrophysiology.	 Aside	 from	 the	 chance	 to	
better	understand	the	underlying	physiology,	the	more	ad-
vanced	models	would	answer	the	pressing	need	for	drug	
effect	calculations	and	cardiotoxicity	predictions.	The	idea	
has	also	been	advocated	by	 the	Comprehensive	 In	Vitro	
Proarrhythmia	 Assay	 (CiPA)	 initiative	 (Strauss	 et	 al.,	
2019).

Mathematical	models	in	cardiology,	developed	on	dif-
ferent	scales,	have	been	growing	in	complexity,	thanks	to	
the	 progress	 in	 the	 predictive	 power	 of	 computer-	based	
frameworks	 (Amani	 et	 al.,	 2021;	 Forouzandehmehr	 &	
Shamloo,	 2018,	 2021;	 Hossain	 et	 al.,	 2014;	 Muller	 et	 al.,	
2014;	 Paci	 et	 al.,	 2013;	 Shamloo	 et	 al.,	 2019;	 Shamloo	 &	
Forouzandehmehr,	 2019;	 Zile	 &	 Trayanova,	 2018).	 The	
dominating	focus	in	the	mathematical	modeling	of	cardiac	
or	muscle	cells	has	been	the	electrophysiology	(Bartolucci	
et	al.,	2020;	Grandi	et	al.,	2010;	Kernik	et	al.,	2019;	O’Hara	
et	al.,	2011;	Paci,	Pölönen,	et	al.,	2018;	Tomek	et	al.,	2019;	
Tusscher	&	Panfilov,	2006),	and	the	electromechanical	as-
pect	has	received	much	less	attention.	In	some	non-	human	
multi-	scale	mathematical	models,	especially	for	the	mouse	
and	rat,	elements	of	myofilament	contraction	are	at	play	
with	 a	 detailed	 biophysical	 formalism	 (Rice	 et	 al.,	 2008;	
Campbell	et	al.,	2010;	Land	et	al.,	2013;	Land	&	Niederer,	
2015;	Sheikh	et	al.,	2012).	The	alterations	in	intracellular	
properties	can	be	associated	with	entire	organ	mechanical	
outcomes	using	such	models.	Moreover,	based	on	modifi-
cations	to	channels	or	the	proteins	involved	in	Ca2+	and	
contractile	 regulations,	 these	 models	 were	 successful	 in	
the	prediction	of	key	cardiac	function	indices.	To	include	
the	mechanical	aspects	of	cardiomyocytes,	there	have	been	
efforts	to	establish	human	biophysical	models	of	tension	
production	capable	of	integration	into	a	whole	organ	con-
traction	assembly	(Land	et	al.,	2017).	Furthermore,	some	
models	 of	 human	 ventricular	 cardiomyocyte	 (hV-	CM)	
electromechanics	 simulating	 active	 tensions	 and	 sarco-
mere	dynamics	(Margara	et	al.,	2020,	2021)	have	also	been	

introduced.	However,	there	is	a	lack	of	biophysical	models	
of	whole	hiPSC-	CM	electromechanics,	which	can	predict	
active	tension,	cell	shortening,	and	particularly	inotropic	
effect	of	non-	cardiomyocytes	(Iseoka	et	al.,	2018).

This	 study	 aimed	 to	 develop	 a	 comprehensive	 com-
putational	 model	 of	 hiPSC-	CMs	 to	 capture	 the	 essential	
cellular	electromechanics	and	 finally	validate	 the	model	
against	hiPSC-	CMs	in vitro	data.	Accordingly,	a	reparame-
trized	version	of	a	cardiac	myofilament	model	proposed	
by	Rice	et	al.	(2008),	with	a	new	passive	force	formulation,	
has	 been	 integrated	 into	 a	 hiPSC-	CM	 electrophysiology	
model	by	Paci	et	al.	(2020).	We	explored	and	validated	the	
capability	 of	 our	 model	 through	 simulations	 of	 AP	 and	
CaT	biomarkers,	the	key	electrophysiological	currents	and	
intracellular	 concentrations,	 the	 contraction–	relaxation	
velocity,	 fractional	 cell	 shortening,	 generated	 active	 ten-
sion,	aftercontractions,	as	well	as	drug-	induced	and	non-	
cardiomyocyte	mechanical	effects.

2 	 | 	 METHODS

2.1	 |	 The electrophysiology model

Figure	S1	in	the	Supplementary	Materials	shows	the	sche-
matics	 of	 the	 hiPSC-	CM-	CE	 model,	 outlining	 cell	 com-
partments,	 ion	 channels	 and	 pumps,	 and	 the	 CE.	 The	
model	 comprises	 two	 cellular	 compartments,	 which	 are	
cytosol	 and	 sarcoplasmic	 reticulum	 (SR).	 In	 Paci2020,	
both	If	and	 the	pre-	upstroke	 inward	component	of	Na+/
Ca2+	exchanger	(INCX)	sustain	the	spontaneous	electrical	
activity.	 The	 underlying	 electrophysiology	 is	 described	
by	the	classical	Hodgkin	&	Huxley	formalism,	giving	the	
membrane	potential	as	follows:

where	C	denotes	cell	capacitance,	Istim	is	the	stimulus	cur-
rent,	and	V	represents	membrane	potential.	All	simulations	
have	been	done	assuming	the	temperature	at	37°C	and	with	
extracellular	concentrations	of	151,	5.4,	and	1.8 mM	for	Na,	
K,	and	Ca2+,	respectively.

2.2	 |	 The contractile model

Figure	 S2  shows	 a	 schematic	 diagram	 of	 the	 CE	 (Rice	
et	 al.,	 2008),	 which	 takes	 in	 an	 adequate	 cellular	 ma-
chinery	 while	 maintaining	 an	 admirable	 balance	 be-
tween	 mechanistic	 detail	 and	 model	 parsimony.	 In	
Rice	 CE,	 to	 simulate	 the	 experimental	 protocols	 of	 in-
ternal	 sarcomere	 shortening,	 a	 series	 elastic	 element	

(1)C
dV

dt
= − (INa+ INaL+ ICaL+ If + IK1

+ IKr+ IKs+ Ito+ INaCa+ INaK+ IpCa+ IbNa+ IbCa− Istim)
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is	 considered	 to	 enable	 stretch	 in	 the	 compliant	 end.	
Ultimately,	to	improve	the	model	stability	and	circum-
vent	 sudden	 changes	 in	 sarcomere	 length	 velocity,	 a	
mass	term	has	been	considered.

The	 development	 of	 myofilament	 active	 force	 results	
from	 the	 fraction	of	 cross-	bridges	 (XBs)	which	can	bind	
strongly.	To	elucidate,	this	process	hinges	upon	the	over-
lay	of	 the	 thick	 filament	 (myosin)	and	 the	 thin	 filament	
(actin).	In	the	hiPSC-	CM-	CE	model,	the	rest	length	of	the	
sarcomere,	at	which	no	passive	force	exists,	has	been	set	
1.9 µm	in	accord	with	experimental	reports	for	hiPSC-	CMs	
(Pioner	et	al.,	2020).	Correspondingly,	the	Newtonian	vis-
cosity	of	the	myofilament	was	set	to	0.3%	of	Fmax	µm−1 s−1	
in	 line	 with	 experimental	 data	 (de	 Tombe	 &	 ter	 Keurs,	
1992).	In	non-	isosarcometric	scenarios,	the	change	in	sar-
comere	length	follows:

where	SL	is	the	sarcomere	length,	Frc	denotes	the	developed	
active	force,	vsc	is	the	viscosity,	and	m	is	mass.	The	integral	
force	has	been	defined	by	Equation	S4	in	the	supplementary	
materials.

Importantly,	a	distinct	feature	of	Rice2008	CE	is	how	
the	 calcium–	troponin	 binding	 system	 and	 thus	 the	 XB	
machinery	 is	 handled.	 There	 are	 two	 types	 of	 calcium	
binding:	 the	regulatory	Ca2+	binding,	which	only	affects	
thin-	filament	activation,	and	the	apparent	Ca2+	binding,	
which	influences	the	cytosolic	CaT,	in	other	words,	the	Ca	
binding	sensed	by	the	cell.	Here,	we	integrated	the	CE	into	
Paci2020	 electrophysiology	 by	 (A)	 subtracting	 the	 total	
troponin	concentration	from	the	total	buffered	Ca2+	con-
centration	 and	 (B)	 subtracting	 the	 Ca2+	 flux	 toward	 the	
myofilaments	from	the	cytosolic	Ca2+	(the	apparent	Ca2+	
binding).	The	latter	is	described	by:

As	 given	 in	 Equation	 (3),	 the	 time	 rate	 of	 apparent	
Ca2+	 binding	 to	 troponin,	TropApr	 is	 multiplied	 by	 the	
total	buffer	concentration	of	troponin,	[Troponin],	which	
is	70 µM	in	our	 simulations.	Also,	 the	 flux	 from	cytoso-
lic	Ca2+	toward	the	myofilament	is	given	by	Equation	(4).	
Here,	SOVFthin (s)	is	the	thin	filament	overlap,	which	is	a	

function	 of	 sarcomere	 length	 s.	TropL	 and	TropH	 denote	
the	Ca2+	binding	to	low	and	high	affinity	troponin,	respec-
tively.	Finally,	FrctSBXB	is	the	fraction	of	strongly	attached	
XBs.	 The	 equations	 and	 details	 of	 the	 CE	 used	 in	 the	
hiPSC-	CM-	CE	have	been	fully	given	in	Rice	et	al.	(2008).

Recently,	 the	 role	 of	 cardiomyocytes	 to	 non-	
cardiomyocytes	ratio	has	been	proven	critical	in	electro-
mechanics	 of	 engineered	 heart	 tissues	 (EHTs)	 derived	
from	 hiPSC-	CMs.	 Similarly,	 it	 plays	 a	 vital	 role	 in	 the	
structure/function	and	therapeutic	potentials	of	hiPSC-	
CMs	(Iseoka	et	al.,	2018).	Notably,	 the	quantity	of	non-	
cardiomyocytes	 is	 crucial	 in	 generating	 functional	
iPSC-	derived	 EHTs	 as	 grafts	 in	 cardiac-	regeneration	
therapy.	The	EHTs	containing	50–	70%	of	cardiomyocytes	
exhibited	stable	structures	and	increased	therapeutic	po-
tential	 (Iseoka	et	al.,	2018).	To	 include	the	effect	of	 the	
non-	cardiomyocyte	 components	 in	 the	 model	 and	 ac-
cording	 to	 the	 biphasic	 trend	 in	 contraction–	relaxation	
velocities	observed	for	different	cardiomyocyte	ratios	in	
EHTs	(Figure	S7),	we	introduced	a	piecewise	function	as	
the	passive	 force	 (Equation	5).	We	used	an	exponential	
first	guess	 for	 the	curve	fitting	regarding	the	trends	ob-
served	 in	Figure	S7	and	minimized	 the	error	manually,	
so	maximums	of	simulated	contraction–	relaxation	veloc-
ities	best	replicate	 the	data	 in	Figure	S7.	Here,	 the	pas-
sive	force	represents	the	effect	of	the	non-	cardiomyocyte	
components	 on	 the	 sarcomere	 dynamics	 and	 cell	 con-
tractions	which	is	defined	as	follows:

where	c	is	equal	to	ctn/100	and	ctn	indicates	the	percent	
of	CMs	in	the	EHT,	x	denotes	the	sarcomere	length,	and	
CM	is	cardiomyocyte.

2.3	 |	 Reparameterization of the 
contractile element

The	foundation	of	the	development	of	the	Rice	et	al.	CE	
was	in vitro	rabbit	data.	Therefore,	by	adapting	XB	cycling	
and	 calcium-	based	 thin	 filament	 activation	 parameters,	
the	CE	was	adjusted	to	match	the	literature-	based	hiPSC-
	CM	Ca2+	and	tension	data.	The	main	strategy	in	repara-
metrizing	 the	 CE	 was	 finding	 a	 set	 of	 parameters	 with	
which	 the	 model	 can	 simulate	 key	 contraction-	related	
hiPSC-	CMs	protocols	in	the	reported	experimental	ranges	
in	37°C	and	extracellular	Ca2+	 concentration	of	1.8 mM	
(see	Section	2.4).	Namely,	%	of	cell	shortening	at	1 Hz	pac-
ing	and	contraction	RT50	(the	time	from	contraction	peak	
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to	half	of	the	relaxation)	from	Pioner	et	al.	(2020),	and	the	
amplitude	 of	 developed	 active	 tension	 from	 Ruan	 et	 al.	
(2016).

The	 tuned	 parameters	 of	 the	 CE	 mainly	 govern	 the	
Ca2+	binding	to	troponin,	except	for	m	(mass),	in	Equation	
(2),	which	is	essentially	a	tuning	parameter	related	to	im-
proving	the	model	response	times,	and	xbmodsp,	which	is	
the	species-	dependent	parameter	influencing	the	thin	fil-
ament	regulation	and	XB	cycling	and	inversely	correlates	
with	 the	 size	 of	 the	 organism	 (Rice	 et	 al.,	 2008).	 Table	
1 gives	the	modified	and	original	values	of	the	parameters	
in	the	CE.

In	 this	work,	we	 tuned	 the	CE	parameters	manually,	
following	the	adjustments	reported	in	(Zile	&	Trayanova,	
2018),	in	order	to	simulate	the	available	experimental	data.	
According	to	the	equations	handling	the	troponin	and	XB	
regulations,	we	first	investigated	the	effect	of	the	changes	
in	 the	 parameters	 listed	 in	 Figure	 1	 on	 the	 mechanical	
outputs	we	aimed	to	simulate.	The	green	and	black	texts	
denote	the	positive	and	negative	effects	on	the	mechanical	
outputs	selected	for	validation,	respectively.	We	highlight	
that	 the	effects	presented	 in	Figure	1	 do	not	 come	 from	
a	sensitivity	analysis,	but	from	the	manual	tuning	of	the	
parameters	performed	in	a	sequential	manner.	We	consid-
ered	±25%	of	the	CE	baseline	values	as	the	constraints	for	
the	parameter	tuning,	except	for	Koffmod,	m,	and	kxb.	Koffmod	
is	 a	 species-	dependent	 parameter	 (inversely	 correlating	
with	the	organism's	size)	and	contributes	to	the	total	rate	
for	unbinding	rate	in	the	high-		and	low-	affinity	conditions	
in	 regulatory	 Ca2+	 binding.	 The	 mass,	 denoted	 by	m	 in	
Equation	(2),	 improves	the	stability	of	the	integration	of	
the	model	equations	and	avoids	rapid	changes	in	muscle	
shortening	velocity	 in	 fast	muscle	release	protocols.	 It	 is	
also	a	parameter	to	tune	and	improve	the	model	response	

times	(Rice	et	al.,	2008).	Markedly,	similar	limitations	and	
assumptions	considered	in	this	work	have	been	reported	
previously	 for	 Rice	 CE	 reparameterizations	 (Campbell	
et	al.,	2008;	Zile	&	Trayanova,	2017).

Furthermore,	 we	 changed	 the	 value	 of	 kxb,	 the	 ten-
sion	scaling	parameter	 in	 the	reparameterization.	 In	 the	
hiPSC-	CM-	CE	model,	tension	is	scaled	to	obtain	the	final	
simulated	tension	from	the	normalized	active	tension	as	
follows:

where	 Factive	 is	 calculated	 by	 Equation	 35	 in	 Rice	 et	 al.	
(2008),	and	kxb	is	the	scaling	constant	that	corresponds	to	
the	total	number	of	XBs	and	the	fraction	of	cycling	XBs	in	
the	 force-	generating	 state	 at	 any	 time,	 as	 also	 reported	 in	
Land	et	al.	(2012).

In	the	literature,	this	scaling	constant	has	been	treated	
either	as	an	original	experimental	value	or	a	model-	based	
parameter	whose	value	depends	upon	other	experimen-
tal	values.	As	an	example	of	 the	 latter,	 in	 the	Niederer-	
Hunter-	Smith	 (NHS)	 model	 (Niederer	 et	 al.,	 2006),	 the	
equivalent	parameter	 is	56.2 kPa.	However,	 the	value	 is	
set	 to	100 kPa	in	 later	whole-	organ	models	(Niederer	&	
Smith,	2009).	In	Rice	original	CE	model,	kxb	≈	120 kPa.	
Also,	Land	et	al.	set	this	scaling	constant	at	120 kPa	con-
sistently	with	previous	models	and	with	 the	higher	end	
values	 for	 maximum	 tension	 and	 twitches	 (Land	 et	 al.,	
2012).

The	 values	 reported	 experimentally	 for	 the	 kxb	 in	
the	 literature	 range	 within	 multiple	 orders	 of	 magni-
tudes.	 Blanchard	 et	 al.	 reported	 maximum	 tension	 in	
mouse	muscle	strips	to	be	12.96 kPa	(Blanchard	et	al.,	
1999).	 Stuyvers	 et	 al.	 indicated	 the	 maximal	 stress	 is	
around	17 kPa	for	mouse	muscle	with	1.9 µm	of	sarco-
mere	 length	 (Stuyvers	 et	 al.,	 2002).	 Palmer	 et	 al.	 also	
reported	 comparable	 maximum	 activated	 tension	 for	
mice	 isometric	 analysis	 around	 14  kPa	 (Palmer	 et	 al.,	
2004).	 However,	 some	 twitch	 transient	 data	 peak	 at	
50  kPa	 (Stull	 et	 al.	 2002)	 and	 other	 results	 go	 up	 to	
112  kPa	 for	 maximum	 developed	 tension	 (Kreutziger	
et	al.,	2011).

Peak	 active	 tensions	 experimentally	 reported	 for	
hiPSC-	CMs	 range	 from	 ~1.2	 to	 ~45  kPa	 (Pioner	 et	 al.,	
2020;	Yang	et	al.,	2018).	Specifically,	Pioner	et	al.	have	re-
ported	18.6	±	2.5	as	the	maximal	developed	tension	for	in	
hiPSC-	CM	 myofilaments	 (Pioner	 et	 al.,	 2020).	 However,	
there	are	other	studies	that	report	an	order	of	magnitude	
lower	peak	twitches	for	hiPSC-	CM-	CEs	(Rodriguez	et	al.,	
2014;	Ruan	et	al.,	2016).	In	line	with	these	findings,	we	set	
kxb = 12 kPa,	placing	the	peak	tension	within	the	exper-
imental	data	range	for	hiPSC-	CMs	and	thus	resulting	 in	
the	final	simulated	0.055 kPa	active	tension.

(6)Tension = kxb × Factive

T A B L E  1 	 Baseline	(Rice	et	al.,	2008)	and	the	modified	values	of	
the	parameters	changed	in	the	CE

Parameter
Baseline 
value

The hiPSC- 
CM- CE

% of 
change

Kon	(s−1 mM−1) 50 × 103 62.5 × 103 25

KoffL	(s−1) 250 200 −20

KoffH	(s−1) 25 25 0

Perm50 0.5 0.6 20

nperm 15 11.28 −24.8

Kn-	p	(s−1) 500 550 10

Kp-	n	(s−1) 50 50 0

Koffmod 1 0.5 −50

m	(s2 µm−1) 5 × 10−5 2 × 10−5 −60

kxb 120 12 —	

xbmodsp 0.2,	1,	1.33 0.2 —	
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Lastly,	we	performed	the	sensitivity	analysis	(Figure	
S3)	to	investigate	the	hiPSC-	CM-	CE	behavior	regarding	
the	 mechanical	 biomarkers	 following	 the	 method	 de-
tailed	 in	 Romero	 et	 al.	 (2011).	 For	 each	 biomarker,	 b,	
and	model	parameter,	p,	the	percentage	of	change	Dc,p,a,	
sensitivity	 Sc,p,	 and	 relative	 sensitivity	 rc,p,	 are	 defined	
as	follows:

2.4	 |	 In vitro data for the contractile 
element reparameterization

The	experimental	ranges	obtained	from	hiPSC-	CMs	based	
on	which	 the	CE	of	 the	model	has	been	reparametrized	
were	 the	 percent	 of	 cell	 shortening	 (preserved	 cell	 con-
tractility)	(Pioner	et	al.,	2020),	the	contraction–	relaxation	
RT50	 (Pioner	 et	 al.,	 2020),	 and	 the	 tension	 magnitude	
(Ruan	et	al.,	2016).

In	 Pioner	 et	 al.	 (2020),	 the	 supplementary	 materials	
detail	 the	 process	 of	 obtaining	 the	 differentiated	 cardio-
myocytes	 and	 their	 long-	term	 maturation	 as	 single	 cells	
on	nanotopographic	(nanopattern)	substrata.	An	inverted	
microscope	 integrated	 into	 a	 video-	based	 edge	 detection	
system	 has	 been	 used	 for	 visualization	 of	 single	 hiPSC-	
CMs	fractional	shortening	(%	of	cell	shortening).	The	cells	
were	paced	at	0.5,	1,	or	2 Hz	using	field	stimulation	and	
were	perfused	at	37°C,	with	Tyrode	solution.

In	Ruan	et	al.	(2016),	undifferentiated	hiPSCs	were	ob-
tained	from	a	lung	fibroblast	cell	line.	After	trypsinization	
of	the	hiPSC-	derived	cardiomyocytes	into	single	cells,	en-
gineered	heart	tissue	structures	were	made	of	a	collagen-	
based	three-	dimensional	scaffold	encapsulating	the	single	
cells.	The	2-	mm-	long	sections	constructs	were	attached	to	
a	force	transducer	and	a	length	controller.	Using	LabView	
software,	 length	and	force	signals	of	spontaneously	con-
tracting	 constructs	 were	 digitally	 recorded.	 The	 authors	
assumed	a	circular	cross-	section	for	the	preparations	and	
normalized	 the	 force	 to	 the	 cross-	sectional	 area	 of	 the	
constructs.	 The	 diameter	 was	 measured	 at	 non-	strained	
lengths,	and	 the	area	was	calculated	accordingly.	The	 in 
vitro	 data	 were	 obtained	 when	 the	 solution	 temperature	
was	maintained	at	37°C.

In	 Iseoka	 et	 al.	 (2018),	 using	 magnetic-	activated	 cell	
sorting,	 the	 scaffold-	free	 hiPSC-	CM	 EHTs	 at	 different	

(7)Db,p,m =

(bp,m − bctl)

bctl
× 100

(8)Sb,p =
ΔDb,p,m

Δm
=

Db,p,+15% − Db,p,−15%

0.3

(9)rb,p =
Sb,p

|Sb,p|max,b

F I G U R E  1  Tuning	parameters	of	the	CE	and	their	effect	on	the	hiPSC-	CM-	CE.	The	green	and	black	texts	highlight	the	positive	and	
negative	effects	on	the	mechanical	outputs	selected	for	validation,	respectively

•Increasing the Tension magnitude and % of cell shortening
•Irregular Tension profile in agonist drug testsIncreasing Kon

•Reducing the contraction-relaxation RT50
•Irregular contraction-relaxtion velocity profileDecreasing xbmodsp

•Increasing the tension magnitude and % of cell shortening
•Increasing the contraction-relaxation RT50
•Irregular Tension profile in L-type agonist drug tests

Decreasing nperm

•Increasing the % of cell shortening while preserving a physiological 
tension profile in L-type agonist drug tests and keeping  RT50
minorly affected

•Irregular contraction-relaxtion velocity and SL change profile
Decreasing Koffmod

•Increasing the % of cell shortening with minor increase in the RT50Decreasing KoffL

•Keeping the tension profile physiologic in L-type agonist drug tests
Decreasing m

•Developing a tension magnitude within the physioloical range for 
hiPSC-CMs Changing kxb
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to	half	of	the	relaxation)	from	Pioner	et	al.	(2020),	and	the	
amplitude	 of	 developed	 active	 tension	 from	 Ruan	 et	 al.	
(2016).

The	 tuned	 parameters	 of	 the	 CE	 mainly	 govern	 the	
Ca2+	binding	to	troponin,	except	for	m	(mass),	in	Equation	
(2),	which	is	essentially	a	tuning	parameter	related	to	im-
proving	the	model	response	times,	and	xbmodsp,	which	is	
the	species-	dependent	parameter	influencing	the	thin	fil-
ament	regulation	and	XB	cycling	and	inversely	correlates	
with	 the	 size	 of	 the	 organism	 (Rice	 et	 al.,	 2008).	 Table	
1 gives	the	modified	and	original	values	of	the	parameters	
in	the	CE.

In	 this	work,	we	 tuned	 the	CE	parameters	manually,	
following	the	adjustments	reported	in	(Zile	&	Trayanova,	
2018),	in	order	to	simulate	the	available	experimental	data.	
According	to	the	equations	handling	the	troponin	and	XB	
regulations,	we	first	investigated	the	effect	of	the	changes	
in	 the	 parameters	 listed	 in	 Figure	 1	 on	 the	 mechanical	
outputs	we	aimed	to	simulate.	The	green	and	black	texts	
denote	the	positive	and	negative	effects	on	the	mechanical	
outputs	selected	for	validation,	respectively.	We	highlight	
that	 the	effects	presented	 in	Figure	1	 do	not	 come	 from	
a	sensitivity	analysis,	but	from	the	manual	tuning	of	the	
parameters	performed	in	a	sequential	manner.	We	consid-
ered	±25%	of	the	CE	baseline	values	as	the	constraints	for	
the	parameter	tuning,	except	for	Koffmod,	m,	and	kxb.	Koffmod	
is	 a	 species-	dependent	 parameter	 (inversely	 correlating	
with	the	organism's	size)	and	contributes	to	the	total	rate	
for	unbinding	rate	in	the	high-		and	low-	affinity	conditions	
in	 regulatory	 Ca2+	 binding.	 The	 mass,	 denoted	 by	m	 in	
Equation	(2),	 improves	the	stability	of	the	integration	of	
the	model	equations	and	avoids	rapid	changes	in	muscle	
shortening	velocity	 in	 fast	muscle	release	protocols.	 It	 is	
also	a	parameter	to	tune	and	improve	the	model	response	

times	(Rice	et	al.,	2008).	Markedly,	similar	limitations	and	
assumptions	considered	in	this	work	have	been	reported	
previously	 for	 Rice	 CE	 reparameterizations	 (Campbell	
et	al.,	2008;	Zile	&	Trayanova,	2017).

Furthermore,	 we	 changed	 the	 value	 of	 kxb,	 the	 ten-
sion	scaling	parameter	 in	 the	reparameterization.	 In	 the	
hiPSC-	CM-	CE	model,	tension	is	scaled	to	obtain	the	final	
simulated	tension	from	the	normalized	active	tension	as	
follows:

where	 Factive	 is	 calculated	 by	 Equation	 35	 in	 Rice	 et	 al.	
(2008),	and	kxb	is	the	scaling	constant	that	corresponds	to	
the	total	number	of	XBs	and	the	fraction	of	cycling	XBs	in	
the	 force-	generating	 state	 at	 any	 time,	 as	 also	 reported	 in	
Land	et	al.	(2012).

In	the	literature,	this	scaling	constant	has	been	treated	
either	as	an	original	experimental	value	or	a	model-	based	
parameter	whose	value	depends	upon	other	experimen-
tal	values.	As	an	example	of	 the	 latter,	 in	 the	Niederer-	
Hunter-	Smith	 (NHS)	 model	 (Niederer	 et	 al.,	 2006),	 the	
equivalent	parameter	 is	56.2 kPa.	However,	 the	value	 is	
set	 to	100 kPa	in	 later	whole-	organ	models	(Niederer	&	
Smith,	2009).	In	Rice	original	CE	model,	kxb	≈	120 kPa.	
Also,	Land	et	al.	set	this	scaling	constant	at	120 kPa	con-
sistently	with	previous	models	and	with	 the	higher	end	
values	 for	 maximum	 tension	 and	 twitches	 (Land	 et	 al.,	
2012).

The	 values	 reported	 experimentally	 for	 the	 kxb	 in	
the	 literature	 range	 within	 multiple	 orders	 of	 magni-
tudes.	 Blanchard	 et	 al.	 reported	 maximum	 tension	 in	
mouse	muscle	strips	to	be	12.96 kPa	(Blanchard	et	al.,	
1999).	 Stuyvers	 et	 al.	 indicated	 the	 maximal	 stress	 is	
around	17 kPa	for	mouse	muscle	with	1.9 µm	of	sarco-
mere	 length	 (Stuyvers	 et	 al.,	 2002).	 Palmer	 et	 al.	 also	
reported	 comparable	 maximum	 activated	 tension	 for	
mice	 isometric	 analysis	 around	 14  kPa	 (Palmer	 et	 al.,	
2004).	 However,	 some	 twitch	 transient	 data	 peak	 at	
50  kPa	 (Stull	 et	 al.	 2002)	 and	 other	 results	 go	 up	 to	
112  kPa	 for	 maximum	 developed	 tension	 (Kreutziger	
et	al.,	2011).

Peak	 active	 tensions	 experimentally	 reported	 for	
hiPSC-	CMs	 range	 from	 ~1.2	 to	 ~45  kPa	 (Pioner	 et	 al.,	
2020;	Yang	et	al.,	2018).	Specifically,	Pioner	et	al.	have	re-
ported	18.6	±	2.5	as	the	maximal	developed	tension	for	in	
hiPSC-	CM	 myofilaments	 (Pioner	 et	 al.,	 2020).	 However,	
there	are	other	studies	that	report	an	order	of	magnitude	
lower	peak	twitches	for	hiPSC-	CM-	CEs	(Rodriguez	et	al.,	
2014;	Ruan	et	al.,	2016).	In	line	with	these	findings,	we	set	
kxb = 12 kPa,	placing	the	peak	tension	within	the	exper-
imental	data	range	for	hiPSC-	CMs	and	thus	resulting	 in	
the	final	simulated	0.055 kPa	active	tension.

(6)Tension = kxb × Factive

T A B L E  1 	 Baseline	(Rice	et	al.,	2008)	and	the	modified	values	of	
the	parameters	changed	in	the	CE

Parameter
Baseline 
value

The hiPSC- 
CM- CE

% of 
change

Kon	(s−1 mM−1) 50 × 103 62.5 × 103 25

KoffL	(s−1) 250 200 −20

KoffH	(s−1) 25 25 0

Perm50 0.5 0.6 20

nperm 15 11.28 −24.8

Kn-	p	(s−1) 500 550 10

Kp-	n	(s−1) 50 50 0

Koffmod 1 0.5 −50

m	(s2 µm−1) 5 × 10−5 2 × 10−5 −60

kxb 120 12 —	

xbmodsp 0.2,	1,	1.33 0.2 —	
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Lastly,	we	performed	the	sensitivity	analysis	(Figure	
S3)	to	investigate	the	hiPSC-	CM-	CE	behavior	regarding	
the	 mechanical	 biomarkers	 following	 the	 method	 de-
tailed	 in	 Romero	 et	 al.	 (2011).	 For	 each	 biomarker,	 b,	
and	model	parameter,	p,	the	percentage	of	change	Dc,p,a,	
sensitivity	 Sc,p,	 and	 relative	 sensitivity	 rc,p,	 are	 defined	
as	follows:

2.4	 |	 In vitro data for the contractile 
element reparameterization

The	experimental	ranges	obtained	from	hiPSC-	CMs	based	
on	which	 the	CE	of	 the	model	has	been	reparametrized	
were	 the	 percent	 of	 cell	 shortening	 (preserved	 cell	 con-
tractility)	(Pioner	et	al.,	2020),	the	contraction–	relaxation	
RT50	 (Pioner	 et	 al.,	 2020),	 and	 the	 tension	 magnitude	
(Ruan	et	al.,	2016).

In	 Pioner	 et	 al.	 (2020),	 the	 supplementary	 materials	
detail	 the	 process	 of	 obtaining	 the	 differentiated	 cardio-
myocytes	 and	 their	 long-	term	 maturation	 as	 single	 cells	
on	nanotopographic	(nanopattern)	substrata.	An	inverted	
microscope	 integrated	 into	 a	 video-	based	 edge	 detection	
system	 has	 been	 used	 for	 visualization	 of	 single	 hiPSC-	
CMs	fractional	shortening	(%	of	cell	shortening).	The	cells	
were	paced	at	0.5,	1,	or	2 Hz	using	field	stimulation	and	
were	perfused	at	37°C,	with	Tyrode	solution.

In	Ruan	et	al.	(2016),	undifferentiated	hiPSCs	were	ob-
tained	from	a	lung	fibroblast	cell	line.	After	trypsinization	
of	the	hiPSC-	derived	cardiomyocytes	into	single	cells,	en-
gineered	heart	tissue	structures	were	made	of	a	collagen-	
based	three-	dimensional	scaffold	encapsulating	the	single	
cells.	The	2-	mm-	long	sections	constructs	were	attached	to	
a	force	transducer	and	a	length	controller.	Using	LabView	
software,	 length	and	force	signals	of	spontaneously	con-
tracting	 constructs	 were	 digitally	 recorded.	 The	 authors	
assumed	a	circular	cross-	section	for	the	preparations	and	
normalized	 the	 force	 to	 the	 cross-	sectional	 area	 of	 the	
constructs.	 The	 diameter	 was	 measured	 at	 non-	strained	
lengths,	and	 the	area	was	calculated	accordingly.	The	 in 
vitro	 data	 were	 obtained	 when	 the	 solution	 temperature	
was	maintained	at	37°C.

In	 Iseoka	 et	 al.	 (2018),	 using	 magnetic-	activated	 cell	
sorting,	 the	 scaffold-	free	 hiPSC-	CM	 EHTs	 at	 different	

(7)Db,p,m =

(bp,m − bctl)

bctl
× 100

(8)Sb,p =
ΔDb,p,m

Δm
=

Db,p,+15% − Db,p,−15%

0.3

(9)rb,p =
Sb,p

|Sb,p|max,b

F I G U R E  1  Tuning	parameters	of	the	CE	and	their	effect	on	the	hiPSC-	CM-	CE.	The	green	and	black	texts	highlight	the	positive	and	
negative	effects	on	the	mechanical	outputs	selected	for	validation,	respectively

•Increasing the Tension magnitude and % of cell shortening
•Irregular Tension profile in agonist drug testsIncreasing Kon

•Reducing the contraction-relaxation RT50
•Irregular contraction-relaxtion velocity profileDecreasing xbmodsp

•Increasing the tension magnitude and % of cell shortening
•Increasing the contraction-relaxation RT50
•Irregular Tension profile in L-type agonist drug tests

Decreasing nperm

•Increasing the % of cell shortening while preserving a physiological 
tension profile in L-type agonist drug tests and keeping  RT50
minorly affected

•Irregular contraction-relaxtion velocity and SL change profile
Decreasing Koffmod

•Increasing the % of cell shortening with minor increase in the RT50Decreasing KoffL

•Keeping the tension profile physiologic in L-type agonist drug tests
Decreasing m

•Developing a tension magnitude within the physioloical range for 
hiPSC-CMs Changing kxb
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ratios	 of	 cardiomyocytes	 (25%,	 50%,	 70%,	 or	 90%)	 were	
generated.	 Using	 a	 camera-	based	 motion	 analysis	 setup,	
the	 contractile	 features	 of	 the	 EHTs	 were	 investigated.	
Table	2 gives	a	concise	map	of	the	model	reparameteriza-
tion	with	attention	to	the	hiPSC-	CMs	experimental	results	
reported	in	the	cited	papers.

2.5	 |	 Drug tests protocols

The	occurrence	of	aftercontractions	(Nguyen	et	al.,	2017;	
Novak	et	al.,	2012)	is	caused	by	abnormalities	in	the	elec-
trophysiology,	e.g.	delayed	(DADs)	and	early	afterdepolar-
izations	(EADs).	To	trigger	EADs,	we	blocked	IKr	by	95%.	
Since	 the	Paci2020 model	 responds	 to	a	strong	 IKr	block	
with	a	remarkable	APD	prolongation	but	does	not	develop	
EADs	(Paci,	Koivumäki,	et	al.,	2021),	to	evaluate	the	oc-
currence	of	aftercontractions,	we	tested	IKr	block	on	few	
illustrative	 model	 variants	 capable	 of	 generating	 EADs	
for	 strong	 IKr	 block.	 These	 models	 were	 extracted	 from	
an	 in silico	 population	 previously	 generated	 using	 the	
Paci2020 model	as	a	baseline	and	modulating	maximum	
conductances/currents	of	INa,	INaL,	ICaL,	If,	Ito,	IKr,	IKs,	IK1,	
INaCa,	INaK	and	IpCa	 in	the	range	[0.5,	2],	as	done	in	Paci,	
Pölönen,	et	al.	(2018).

Furthermore,	 the	 drug-	induced	 inotropic	 effects	
were	 investigated	 by	 simulating	 the	 effect	 of	 90  nM	 of	

Verapamil	(as	the	ICaL	inhibitor)	and	1 µM	of	Bay-	K8644	
(the	ICaL	agonist).	We	simulated	Verapamil	administration	
with	a	simple	pore-	block	model,	setting	the	IC50	and	Hill	
coefficients	of	the	involved	blockers	as	given	in	Table	S1	in	
the	supplementary	materials.	Similarly,	the	effect	of	1µM	
of	Bay-	K8644	on	the	model	was	studied,	setting	17.3 nM	
and	1.25	as	 the	EC50	and	Hill	coefficient	of	ICaL	blocker,	
respectively	(Bechem	&	Hoffmann,	1993;	Rae	&	Calixto,	
1989).

3 	 | 	 RESULTS

3.1	 |	 Reparameterization: contractility

The	main	results	of	integrating	original	Rice	CE	into	the	
Paci2020	electrophysiology	are	 shown	 in	Figure	S4.	The	
uncalibrated	 version	 failed	 to	 simulate	 the	 main	 me-
chanical	results	within	the	in vitro	ranges.	We	also	stud-
ied	 the	role	of	mechanical	 feedback	 (Figure	S5).	Results	
indicate	 that	 the	 strong	coupling	has	a	 significant	effect	
on	the	cytosolic	Ca2+	concentration.	Compared	with	the	
weakly	 coupled	 condition,	 the	 CaT	 peak	 was	 decreased	
by	20.3%,	and	the	simulated	active	tension	consequently	
by	 52.2%.	 This	 behavior	 is	 consistent	 with	 the	 results	 of	
the	 mechanical	 feedback	 study	 done	 by	 a	 hV-	CM	 ionic	
model	integrated	into	Rice	CE	(Zile	&	Trayanova,	2016).	

# Experimental paper [Ca2+]e Temperature (°C)

Biomarkers 
used for the 
reparameterization

1 (Pioner	et	al.,	2020) 1.8 mM 37 %	of	cell	shortening,

2 (Clark	et	al.,	2021) 1.8 mM 37 Contraction	RT50

3 (Yang	et	al.,	2018) 1.8 mM 37 %	of	cell	shortening,	
contraction	RT25,

4 (Ruan	et	al.,	2016) 1.8 mM Mechanical	
measurements	
and	drug	tests	at	
37,	Histological	
measurements	and	
microscopy	at	room	
temp.

Active	tension	
amplitude	and	
inotropic	effects	
of	Verapamil	and	
Bay-	K	8644

5 (Iseoka	et	al.,	2018) N/A 37 Inotropic	effects	
of	non-	
cardiomyocytes	
on	the	mechanical	
outputs	of	
hiPSC-	CMs

6 (Hayakawa	et	al.,	
2014)

N/A 37 Contraction	velocity	
profile

7 (Rodriguez	et	al.,	2014) N/A 37 Contraction	velocity	
profile

Note: [Ca2+]e	denotes	the	extracellular	Ca2+	concentration.

T A B L E  2 	 hiPSC-	CM	experimental	
papers	used	for	the	reparameterization	of	
the	model
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The	strong	coupling	 term	comes	against	weak	coupling,	
where	 there	 is	no	mechanical	 feedback.	 In	other	words,	
by	strong	coupling,	we	mean	incorporating	myofilament	
feedback	 on	 calcium	 dynamics	 which	 was	 done	 using	 a	
dynamic	term	for	troponin	buffering	of	intracellular	cal-
cium	(Equation	4)	using	the	approach	in	Rice	et	al.	(2008).	
Of	 note,	 the	 profile	 and	 magnitude	 of	 JCaBMyo	 (Figure	
2d)	are	consistent	with	the	corresponding	simulations	by	
other	mathematical	CE	models	(Negroni	&	Lascano,	2008;	
Negroni	et	al.,	2015).

For	the	skinned	version	of	the	CE,	the	steady-	state	ten-
sion	vs.	sarcomere	length	(SL)	relationship	is	one	of	the	ex-
perimental	characterizations	that	significantly	influences	
the	model	development.	As	can	be	seen	in	Figure	2a,	 in	
comparison	with	the	original	CE,	there	is	an	improvement	
in	the	physiologic	behavior	in	the	reparametrized	version	
in	terms	of	fitting	to	the	reference	experimental	data	ob-
tained	from	cat	trabeculae	(De	Tombe	&	Ter	Keurs,	1991).

In	 line	 with	 cell	 shortening	 data	 obtained	 for	 hiPSC-	
CMs	in	Pioner	et	al.	(2020),	our	model	simulates	the	cell	
shortening	 within	 experimental	 range	 at	 1  Hz	 pacing	
(Figure	 2b).	 Also,	 at	 1  Hz	 pacing,	 RT50	 was	 simulated	
161 ms,	which	 is	 in	 the	experimental	range	reported	 for	

hiPSC-	CMs	(145.9–	170.1 ms	 (Clark	et	al.,	2021)).	Figure	
2c	shows	the	tension	amplitude	simulated	by	the	hiPSC-	
CM-	CE,	 in	spontaneous	condition,	which	 locates	within	
the	experimental	range	reported	for	hiPSC-	CMs	at	match-
ing	 conditions	 of	 1.8  mM	 extracellular	 Ca2+	 and	 37°C	
(Figure	2c)	(Ruan	et	al.,	2016).	Figure	2d	shows	the	flux	of	
Ca2+	toward	the	myofilament	and	the	corresponding	CaT	
trace.	 Furthermore,	 Figure	 2e	 illustrates	 the	 normalized	
contraction	 velocity	 curve,	 which	 recapitulates	 the	 stan-
dard	shape	and	the	experimental	records	for	hiPSC-	CMs	
obtained	via	traction	force	microscopy	in	Hayakawa	et	al.	
(2014).

Figure	S3	in	the	supplementary	material	shows	a	sensi-
tivity	analysis	map	of	the	hiPSC-	CM-	CE	model	regarding	
the	target	mechanical	outputs.	The	relative	sensitivity	of	
the	biomarkers	(fractional	cell	shortening,	active	tension	
peak,	and	RT50)	is	shown	on	a	0–	1 scale	as	a	response	to	
15%	of	change	of	the	parameters	on	the	y-	axis.	For	exam-
ple,	nperm	has	the	most	intense	inverse	effect	on	ATpeak	and	
RT50,	meaning,	by	decreasing	nperm	the	biomarker	values	
increase.	The	results	indicate	that	each	simulated	contrac-
tile	 biomarker,	 specifically	 %	 of	 cells	 shortening	 (Figure	
S4d),	 is	 heavily	 influenced	 by	nperm;	 the	 parameter	 that	

F I G U R E  2  Mechanical	biomarkers	
simulated	by	the	hiPSC-	CM-	CE	model.	
(a)	Normalized	peak	tensions	vs.	SL.	
(b)	%	of	cell	shortening	and	contraction	
RT50	(time	from	peak	contraction	to	
50%	relaxation)	at	1 Hz	pacing.	(c)	The	
simulated	tension	profile	at	spontaneous	
beating.	(d)	The	binding	flux	of	Ca2+	
toward	the	myofilament	(JCaBMyo)	and	
the	CaT.	(e)	Normalized	motion	waveform	
(contraction–	relaxation	velocity)	and	the	
CaT	at	1 Hz	pacing
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ratios	 of	 cardiomyocytes	 (25%,	 50%,	 70%,	 or	 90%)	 were	
generated.	 Using	 a	 camera-	based	 motion	 analysis	 setup,	
the	 contractile	 features	 of	 the	 EHTs	 were	 investigated.	
Table	2 gives	a	concise	map	of	the	model	reparameteriza-
tion	with	attention	to	the	hiPSC-	CMs	experimental	results	
reported	in	the	cited	papers.

2.5	 |	 Drug tests protocols

The	occurrence	of	aftercontractions	(Nguyen	et	al.,	2017;	
Novak	et	al.,	2012)	is	caused	by	abnormalities	in	the	elec-
trophysiology,	e.g.	delayed	(DADs)	and	early	afterdepolar-
izations	(EADs).	To	trigger	EADs,	we	blocked	IKr	by	95%.	
Since	 the	Paci2020 model	 responds	 to	a	strong	 IKr	block	
with	a	remarkable	APD	prolongation	but	does	not	develop	
EADs	(Paci,	Koivumäki,	et	al.,	2021),	to	evaluate	the	oc-
currence	of	aftercontractions,	we	tested	IKr	block	on	few	
illustrative	 model	 variants	 capable	 of	 generating	 EADs	
for	 strong	 IKr	 block.	 These	 models	 were	 extracted	 from	
an	 in silico	 population	 previously	 generated	 using	 the	
Paci2020 model	as	a	baseline	and	modulating	maximum	
conductances/currents	of	INa,	INaL,	ICaL,	If,	Ito,	IKr,	IKs,	IK1,	
INaCa,	INaK	and	IpCa	 in	the	range	[0.5,	2],	as	done	in	Paci,	
Pölönen,	et	al.	(2018).

Furthermore,	 the	 drug-	induced	 inotropic	 effects	
were	 investigated	 by	 simulating	 the	 effect	 of	 90  nM	 of	

Verapamil	(as	the	ICaL	inhibitor)	and	1 µM	of	Bay-	K8644	
(the	ICaL	agonist).	We	simulated	Verapamil	administration	
with	a	simple	pore-	block	model,	setting	the	IC50	and	Hill	
coefficients	of	the	involved	blockers	as	given	in	Table	S1	in	
the	supplementary	materials.	Similarly,	the	effect	of	1µM	
of	Bay-	K8644	on	the	model	was	studied,	setting	17.3 nM	
and	1.25	as	 the	EC50	and	Hill	coefficient	of	ICaL	blocker,	
respectively	(Bechem	&	Hoffmann,	1993;	Rae	&	Calixto,	
1989).

3 	 | 	 RESULTS

3.1	 |	 Reparameterization: contractility

The	main	results	of	integrating	original	Rice	CE	into	the	
Paci2020	electrophysiology	are	 shown	 in	Figure	S4.	The	
uncalibrated	 version	 failed	 to	 simulate	 the	 main	 me-
chanical	results	within	the	in vitro	ranges.	We	also	stud-
ied	 the	role	of	mechanical	 feedback	 (Figure	S5).	Results	
indicate	 that	 the	 strong	coupling	has	a	 significant	effect	
on	the	cytosolic	Ca2+	concentration.	Compared	with	the	
weakly	 coupled	 condition,	 the	 CaT	 peak	 was	 decreased	
by	20.3%,	and	the	simulated	active	tension	consequently	
by	 52.2%.	 This	 behavior	 is	 consistent	 with	 the	 results	 of	
the	 mechanical	 feedback	 study	 done	 by	 a	 hV-	CM	 ionic	
model	integrated	into	Rice	CE	(Zile	&	Trayanova,	2016).	

# Experimental paper [Ca2+]e Temperature (°C)

Biomarkers 
used for the 
reparameterization

1 (Pioner	et	al.,	2020) 1.8 mM 37 %	of	cell	shortening,

2 (Clark	et	al.,	2021) 1.8 mM 37 Contraction	RT50

3 (Yang	et	al.,	2018) 1.8 mM 37 %	of	cell	shortening,	
contraction	RT25,

4 (Ruan	et	al.,	2016) 1.8 mM Mechanical	
measurements	
and	drug	tests	at	
37,	Histological	
measurements	and	
microscopy	at	room	
temp.

Active	tension	
amplitude	and	
inotropic	effects	
of	Verapamil	and	
Bay-	K	8644

5 (Iseoka	et	al.,	2018) N/A 37 Inotropic	effects	
of	non-	
cardiomyocytes	
on	the	mechanical	
outputs	of	
hiPSC-	CMs

6 (Hayakawa	et	al.,	
2014)

N/A 37 Contraction	velocity	
profile

7 (Rodriguez	et	al.,	2014) N/A 37 Contraction	velocity	
profile

Note: [Ca2+]e	denotes	the	extracellular	Ca2+	concentration.

T A B L E  2 	 hiPSC-	CM	experimental	
papers	used	for	the	reparameterization	of	
the	model
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The	strong	coupling	 term	comes	against	weak	coupling,	
where	 there	 is	no	mechanical	 feedback.	 In	other	words,	
by	strong	coupling,	we	mean	incorporating	myofilament	
feedback	 on	 calcium	 dynamics	 which	 was	 done	 using	 a	
dynamic	term	for	troponin	buffering	of	intracellular	cal-
cium	(Equation	4)	using	the	approach	in	Rice	et	al.	(2008).	
Of	 note,	 the	 profile	 and	 magnitude	 of	 JCaBMyo	 (Figure	
2d)	are	consistent	with	the	corresponding	simulations	by	
other	mathematical	CE	models	(Negroni	&	Lascano,	2008;	
Negroni	et	al.,	2015).

For	the	skinned	version	of	the	CE,	the	steady-	state	ten-
sion	vs.	sarcomere	length	(SL)	relationship	is	one	of	the	ex-
perimental	characterizations	that	significantly	influences	
the	model	development.	As	can	be	seen	in	Figure	2a,	 in	
comparison	with	the	original	CE,	there	is	an	improvement	
in	the	physiologic	behavior	in	the	reparametrized	version	
in	terms	of	fitting	to	the	reference	experimental	data	ob-
tained	from	cat	trabeculae	(De	Tombe	&	Ter	Keurs,	1991).

In	 line	 with	 cell	 shortening	 data	 obtained	 for	 hiPSC-	
CMs	in	Pioner	et	al.	(2020),	our	model	simulates	the	cell	
shortening	 within	 experimental	 range	 at	 1  Hz	 pacing	
(Figure	 2b).	 Also,	 at	 1  Hz	 pacing,	 RT50	 was	 simulated	
161 ms,	which	 is	 in	 the	experimental	range	reported	 for	

hiPSC-	CMs	(145.9–	170.1 ms	 (Clark	et	al.,	2021)).	Figure	
2c	shows	the	tension	amplitude	simulated	by	the	hiPSC-	
CM-	CE,	 in	spontaneous	condition,	which	 locates	within	
the	experimental	range	reported	for	hiPSC-	CMs	at	match-
ing	 conditions	 of	 1.8  mM	 extracellular	 Ca2+	 and	 37°C	
(Figure	2c)	(Ruan	et	al.,	2016).	Figure	2d	shows	the	flux	of	
Ca2+	toward	the	myofilament	and	the	corresponding	CaT	
trace.	 Furthermore,	 Figure	 2e	 illustrates	 the	 normalized	
contraction	 velocity	 curve,	 which	 recapitulates	 the	 stan-
dard	shape	and	the	experimental	records	for	hiPSC-	CMs	
obtained	via	traction	force	microscopy	in	Hayakawa	et	al.	
(2014).

Figure	S3	in	the	supplementary	material	shows	a	sensi-
tivity	analysis	map	of	the	hiPSC-	CM-	CE	model	regarding	
the	target	mechanical	outputs.	The	relative	sensitivity	of	
the	biomarkers	(fractional	cell	shortening,	active	tension	
peak,	and	RT50)	is	shown	on	a	0–	1 scale	as	a	response	to	
15%	of	change	of	the	parameters	on	the	y-	axis.	For	exam-
ple,	nperm	has	the	most	intense	inverse	effect	on	ATpeak	and	
RT50,	meaning,	by	decreasing	nperm	the	biomarker	values	
increase.	The	results	indicate	that	each	simulated	contrac-
tile	 biomarker,	 specifically	 %	 of	 cells	 shortening	 (Figure	
S4d),	 is	 heavily	 influenced	 by	nperm;	 the	 parameter	 that	

F I G U R E  2  Mechanical	biomarkers	
simulated	by	the	hiPSC-	CM-	CE	model.	
(a)	Normalized	peak	tensions	vs.	SL.	
(b)	%	of	cell	shortening	and	contraction	
RT50	(time	from	peak	contraction	to	
50%	relaxation)	at	1 Hz	pacing.	(c)	The	
simulated	tension	profile	at	spontaneous	
beating.	(d)	The	binding	flux	of	Ca2+	
toward	the	myofilament	(JCaBMyo)	and	
the	CaT.	(e)	Normalized	motion	waveform	
(contraction–	relaxation	velocity)	and	the	
CaT	at	1 Hz	pacing
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represents	 the	 non-	linear	 function	 of	 nearest-	neighbor	
cooperativity	in	myofilament	Ca2+-	based	activation	in	cy-
cling	XBs	in	Rice	CE.

3.2	 |	 Electrophysiological 
properties of the hiPSC- CM- CE model

In	Table	3,	we	reported	the	biomarkers	simulated	by	the	
Paci2020 + the	original	Rice	CE	(i.e.	before	the	CE	cali-
bration)	model	and	 the	hiPSC-	CM-	CE	model,	 together	
with	 the	 experimental	 biomarkers	 previously	 summa-
rized	 in	 Paci,	 Pölönen,	 et	 al.	 (2018).	 The	 simulations	
were	 done	 in	 the	 spontaneous	 beating	 condition	 until	
the	steady-	state.

Table	3	presents	that	the	integration	of	the	original	CE	
into	 the	 ionic	 model	 moved	 4/13	 biomarkers	 out	 of	 the	
range	and	the	reparameterization	of	the	CE	restored	them	
(column	Paci2020 + Original	Rice	CE	vs.	hiPSC-	CM-	CE).	
Since	the	hiPSC-	CM-	CE	model	inherits	its	electrophysiol-
ogy	from	the	Paci2020 model,	which	does	not	simulate	the	
contractile	function	of	hiPSC-	CMs,	we	compared	the	sim-
ulated	AP,	CaT,	and	ionic	current	traces	of	the	two	models	
(Figure	3).

3.3	 |	 Validation: fractional shortening, 
drug- induced, and arrhythmogenic effects

To	 validate	 the	 hiPSC-	CM-	CE	 model,	 we	 compared	 the	
simulated	 contraction	 with	 in vitro	 data	 from	 Yang	 et	 al.	
(2018)	that	was	not	used	in	the	model	parameterization	pro-
cess.	Furthermore,	the	effects	of	90 nM	of	Verapamil	(anti-
arrhythmic	drug	class	IV)	and	1µM	of	Bay-	K	8644	(L-	type	
Ca2+	channel	agonist)	on	the	model	outputs	were	simulated.

As	Figure	4 shows,	the	hiPSC-	CM-	CE	mechanical	re-
sults	 at	 1.5  Hz	 pacing	 place	 within	 the	 ranges	 of	 exper-
imental	 contraction	 biomarkers	 reported	 for	 hiPSC-	CM	
single	 cell	 lines	 at	 1.8  mM	 extracellular	 Ca2+	 and	 37°C	
(Yang	et	al.,	2018).	The	simulated	fractional	cell	shorten-
ing	and	the	contraction	RT25	are	1.86%	and	89 ms,	located	
within	the	reported	 in vitro	 intervals	of	2.04 ± 0.2%	and	
75.2–	90.3 ms,	respectively.

The	effect	of	90 nM	Verapamil	was	simulated	as	a	mul-
tichannel	action	reference	compound,	which	was	selected	
according	to	human-	based	data	(Kramer	et	al.,	2013).	On	
the	other	hand,	the	effect	of	1 µM	of	Bay-	K	8644,	for	which	
we	 expect	 a	 positive	 inotropic	 effect	 as	 in	 Ruan	 et	 al.	
(2016),	has	been	simulated	as	an	agonist	drug	compound	
that	influences	only	ICaL.

No. Biomarker Paci2020
Paci2020 +  
Original Rice CE

hiPSC- 
CM- CE

Exp. value 
(Mean ± SD)

1 APA	(mV) 102 105 103 104 ± 6

2 MDP	(mV) −74.9 −75.3 −75.0 −75.6 ± 6.6

3 AP	CL	(ms) 1712 1559 1644 1700 ± 548

4 dV/dt	max	(V/s) 20.5 14.0 23.9 27.8 ± 26.3

5 APD10	(ms) 87.0 109.5 95.0 74.1 ± 26.3

6 APD30	(ms) 224 259 238 180 ± 59

7 APD90	(ms) 390 421 403 415 ± 119

8 AP	Tri 2.8 3.2 2.9 2.5 ± 1.1

9 CaT	DURATION	
(ms)

691 681 693 805 ± 188

10 CaT	tRise10,	peak	
(ms)

184 136 163 270 ± 108

11 Cat	tRise10,50	
(ms)

54.9 39.2 46.2 82.9 ± 50.5

12 CaT	tRise10,90	
(ms)

118 86 102 167 ± 70

13 CaT	tDecay90,10	
(ms)

341 349 343 410 ± 100

Note: AP	biomarkers	listed	are:	APA	(AP	amplitude),	MDP	(maximum	diastolic	potential),	CL	(cycle	
length),	dV/dt	max	(maximum	upstroke	velocity),	APD10	and	APD30	and	APD90	(AP	duration	at	10,	
30,	90%	of	repolarization,	respectively),	AP	Tri	(AP	triangulation	index).	And	CaT	biomarkers	are	
DURATION	(duration	of	the	transient),	tRise10,	peak	(time	to	peak),	tRise10,	50	and	tRise10,	90	(rise	time	
from	10	to	50%	and	90%	of	maximum	threshold,	respectively),	and	tDecay90,10	(decay	time	from	90	to	
10%).	The	out-	of-	range	values	are	in	italics.	The	third	column	is	taken	directly	from	the	original	Paci2020	
publication	(Paci	et	al.,	2020).

T A B L E  3 	 Biomarkers	computed	on	
simulated	spontaneous	APs	and	CaTs	and	
their	comparison	with	Paci2020 model,	
Paci2020 + Original	rice	CE	model	(i.e.	
before	the	calibration	of	the	contractile	
element)	and	the	experimental	values	
(Paci	et	al.,	2020;	Paci,	Pölönen,	et	al.,	
2018)
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The	hiPSC-	CM-	CE	simulation	results	show	that	Bay-	K	
8644	prolongs	the	AP	(Figure	5a)	and	brings	an	increase	
in	cytosolic	Ca2+	(Figure	5c),	and	thus	an	elevated	active	
tension	(Figure	5d).	These	findings	are	in	line	with	the	AP	
prolongation	 (Sicouri	et	al.,	 2007)	and	positive	 inotropic	
effect	reported	in vitro	for	Bay-	K	8644	(Ruan	et	al.,	2016).

As	 is	 observable	 in	 Figure	 5d,	 in	 accord	 with	 reports	
classifying	 Verapamil	 as	 a	 negative	 inotropic	 drug	 in	
hiPSC-	CMs	(Ruan	et	al.,	2016)	and	hV-	CMs	(Nguyen	et	al.,	
2017),	 our	 results	 correctly	 replicate	 Verapamil-	induced	
effects	on	the	mechanical	outputs.	Finally,	the	relaxation	
kinetics	of	the	hiPSC-	CM-	CE	model,	analyzed	using	RT80	
(time	from	peak	contraction	to	80%	of	relaxation),	follows	
the	experimental	trends	and	ranges	reported	for	commer-
cial	and	lab-	based	hiPSC-	CMs	as	illustrated	in	Figure	5e.

Concurring	with	experimental	results,	the	induction	of	
abnormalities	in	electrical	repolarization	(EADs)	can	occur	
due	 to	 the	 use	 of	 drugs	 known	 to	 block	 the	 IKr	 current,	
namely,	the	class	III	antiarrhythmic	Dofetilide	(Guo	et	al.,	
2011)	 and	 the	 abnormalities	 in	 diastolic	 depolarization	

(DADs)	 can	 occur	 due	 to	 Isoproterenol	 (Novak	 et	 al.,	
2012).	 Those	 arrhythmogenic	 phenomena	 can	 also	 lead	
to	 contractile	 irregularities	 detectable	 in	 the	 form	 of	 af-
tercontractions,	as	has	been	shown	previously	in	hV-	CMs	
(Nguyen	et	al.,	2017)	and	hiPSC-	CMs	(Novak	et	al.,	2012).	
Figure	6 shows	selected	electrophysiologic	and	mechani-
cal	traces	simulated	by	the	hiPSC-	CM-	CE	after	we	tuned	
its	maximum	conductances	and	currents	with	two	differ-
ent	coefficient	sets,	namely	SET1	and	SET2,	that	had	trig-
gered	EADs	in	the	Paci2020 model,	as	response	to	95%	IKr	
block.	Of	note,	the	original	Paci2020 model	(as	its	prede-
cessor	Paci2018)	responds	to	a	strong	IKr	block	with	an	ex-
treme	APD	prolongation	but	no	EADs	(Paci,	Koivumäki,	
et	al.,	2021;	Paci,	Pölönen,	et	al.,	2018).	However,	exper-
imentally	calibrated	populations	of	models	generated	by	
using	 Paci2020	 or	 Paci2018  models	 contain	 models	 that	
can	 produce	 EAD	 as	 a	 response	 to	 IKr	 block	 or	 more	 in	
general	during	 in silico	 tests	of	multichannel	drugs	with	
a	substantial	effect	on	hERG	(Paci	et	al.,	2018,	2020).	As	
shown	in	Figure	6,	95%	IKr	block	triggers	EADs	in	SET1	

F I G U R E  3  Simulated	action	
potentials	and	ionic	currents	of	the	
hiPSC-	CM-	CE	model	vs.	Paci2020	(Paci	
et	al.,	2020)	in	spontaneous	beating	in	
the	steady-	state	condition.	(a)	Membrane	
potential.	(b)	Fast	Na+	current	(INa).	(c)	
L-	type	Ca2+	current	(ICaL).	(d)	Transient	
outward	K+	current	(Ito).	(e)	Rapid	
delayed	rectifier	K+	current	(IKr).	(f)	
Cytosolic	Ca2+	concentration	(Cai).	(g)	
Na+/Ca2+	exchanger	(INCX).	(h)	Ca2+	
release	from	sarcoplasmic	reticulum	
(JRyR).	(i)	Cytosolic	Na+	concentration	
(Nai).	(j)	Sarcoplasmic	Ca2+	concentration	
(CaSR)
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represents	 the	 non-	linear	 function	 of	 nearest-	neighbor	
cooperativity	in	myofilament	Ca2+-	based	activation	in	cy-
cling	XBs	in	Rice	CE.

3.2	 |	 Electrophysiological 
properties of the hiPSC- CM- CE model

In	Table	3,	we	reported	the	biomarkers	simulated	by	the	
Paci2020 + the	original	Rice	CE	(i.e.	before	the	CE	cali-
bration)	model	and	 the	hiPSC-	CM-	CE	model,	 together	
with	 the	 experimental	 biomarkers	 previously	 summa-
rized	 in	 Paci,	 Pölönen,	 et	 al.	 (2018).	 The	 simulations	
were	 done	 in	 the	 spontaneous	 beating	 condition	 until	
the	steady-	state.

Table	3	presents	that	the	integration	of	the	original	CE	
into	 the	 ionic	 model	 moved	 4/13	 biomarkers	 out	 of	 the	
range	and	the	reparameterization	of	the	CE	restored	them	
(column	Paci2020 + Original	Rice	CE	vs.	hiPSC-	CM-	CE).	
Since	the	hiPSC-	CM-	CE	model	inherits	its	electrophysiol-
ogy	from	the	Paci2020 model,	which	does	not	simulate	the	
contractile	function	of	hiPSC-	CMs,	we	compared	the	sim-
ulated	AP,	CaT,	and	ionic	current	traces	of	the	two	models	
(Figure	3).

3.3	 |	 Validation: fractional shortening, 
drug- induced, and arrhythmogenic effects

To	 validate	 the	 hiPSC-	CM-	CE	 model,	 we	 compared	 the	
simulated	 contraction	 with	 in vitro	 data	 from	 Yang	 et	 al.	
(2018)	that	was	not	used	in	the	model	parameterization	pro-
cess.	Furthermore,	the	effects	of	90 nM	of	Verapamil	(anti-
arrhythmic	drug	class	IV)	and	1µM	of	Bay-	K	8644	(L-	type	
Ca2+	channel	agonist)	on	the	model	outputs	were	simulated.

As	Figure	4 shows,	the	hiPSC-	CM-	CE	mechanical	re-
sults	 at	 1.5  Hz	 pacing	 place	 within	 the	 ranges	 of	 exper-
imental	 contraction	 biomarkers	 reported	 for	 hiPSC-	CM	
single	 cell	 lines	 at	 1.8  mM	 extracellular	 Ca2+	 and	 37°C	
(Yang	et	al.,	2018).	The	simulated	fractional	cell	shorten-
ing	and	the	contraction	RT25	are	1.86%	and	89 ms,	located	
within	the	reported	 in vitro	 intervals	of	2.04 ± 0.2%	and	
75.2–	90.3 ms,	respectively.

The	effect	of	90 nM	Verapamil	was	simulated	as	a	mul-
tichannel	action	reference	compound,	which	was	selected	
according	to	human-	based	data	(Kramer	et	al.,	2013).	On	
the	other	hand,	the	effect	of	1 µM	of	Bay-	K	8644,	for	which	
we	 expect	 a	 positive	 inotropic	 effect	 as	 in	 Ruan	 et	 al.	
(2016),	has	been	simulated	as	an	agonist	drug	compound	
that	influences	only	ICaL.

No. Biomarker Paci2020
Paci2020 +  
Original Rice CE

hiPSC- 
CM- CE

Exp. value 
(Mean ± SD)

1 APA	(mV) 102 105 103 104 ± 6

2 MDP	(mV) −74.9 −75.3 −75.0 −75.6 ± 6.6

3 AP	CL	(ms) 1712 1559 1644 1700 ± 548

4 dV/dt	max	(V/s) 20.5 14.0 23.9 27.8 ± 26.3

5 APD10	(ms) 87.0 109.5 95.0 74.1 ± 26.3

6 APD30	(ms) 224 259 238 180 ± 59

7 APD90	(ms) 390 421 403 415 ± 119

8 AP	Tri 2.8 3.2 2.9 2.5 ± 1.1

9 CaT	DURATION	
(ms)

691 681 693 805 ± 188

10 CaT	tRise10,	peak	
(ms)

184 136 163 270 ± 108

11 Cat	tRise10,50	
(ms)

54.9 39.2 46.2 82.9 ± 50.5

12 CaT	tRise10,90	
(ms)

118 86 102 167 ± 70

13 CaT	tDecay90,10	
(ms)

341 349 343 410 ± 100

Note: AP	biomarkers	listed	are:	APA	(AP	amplitude),	MDP	(maximum	diastolic	potential),	CL	(cycle	
length),	dV/dt	max	(maximum	upstroke	velocity),	APD10	and	APD30	and	APD90	(AP	duration	at	10,	
30,	90%	of	repolarization,	respectively),	AP	Tri	(AP	triangulation	index).	And	CaT	biomarkers	are	
DURATION	(duration	of	the	transient),	tRise10,	peak	(time	to	peak),	tRise10,	50	and	tRise10,	90	(rise	time	
from	10	to	50%	and	90%	of	maximum	threshold,	respectively),	and	tDecay90,10	(decay	time	from	90	to	
10%).	The	out-	of-	range	values	are	in	italics.	The	third	column	is	taken	directly	from	the	original	Paci2020	
publication	(Paci	et	al.,	2020).

T A B L E  3 	 Biomarkers	computed	on	
simulated	spontaneous	APs	and	CaTs	and	
their	comparison	with	Paci2020 model,	
Paci2020 + Original	rice	CE	model	(i.e.	
before	the	calibration	of	the	contractile	
element)	and	the	experimental	values	
(Paci	et	al.,	2020;	Paci,	Pölönen,	et	al.,	
2018)
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The	hiPSC-	CM-	CE	simulation	results	show	that	Bay-	K	
8644	prolongs	the	AP	(Figure	5a)	and	brings	an	increase	
in	cytosolic	Ca2+	(Figure	5c),	and	thus	an	elevated	active	
tension	(Figure	5d).	These	findings	are	in	line	with	the	AP	
prolongation	 (Sicouri	et	al.,	 2007)	and	positive	 inotropic	
effect	reported	in vitro	for	Bay-	K	8644	(Ruan	et	al.,	2016).

As	 is	 observable	 in	 Figure	 5d,	 in	 accord	 with	 reports	
classifying	 Verapamil	 as	 a	 negative	 inotropic	 drug	 in	
hiPSC-	CMs	(Ruan	et	al.,	2016)	and	hV-	CMs	(Nguyen	et	al.,	
2017),	 our	 results	 correctly	 replicate	 Verapamil-	induced	
effects	on	the	mechanical	outputs.	Finally,	the	relaxation	
kinetics	of	the	hiPSC-	CM-	CE	model,	analyzed	using	RT80	
(time	from	peak	contraction	to	80%	of	relaxation),	follows	
the	experimental	trends	and	ranges	reported	for	commer-
cial	and	lab-	based	hiPSC-	CMs	as	illustrated	in	Figure	5e.

Concurring	with	experimental	results,	the	induction	of	
abnormalities	in	electrical	repolarization	(EADs)	can	occur	
due	 to	 the	 use	 of	 drugs	 known	 to	 block	 the	 IKr	 current,	
namely,	the	class	III	antiarrhythmic	Dofetilide	(Guo	et	al.,	
2011)	 and	 the	 abnormalities	 in	 diastolic	 depolarization	

(DADs)	 can	 occur	 due	 to	 Isoproterenol	 (Novak	 et	 al.,	
2012).	 Those	 arrhythmogenic	 phenomena	 can	 also	 lead	
to	 contractile	 irregularities	 detectable	 in	 the	 form	 of	 af-
tercontractions,	as	has	been	shown	previously	in	hV-	CMs	
(Nguyen	et	al.,	2017)	and	hiPSC-	CMs	(Novak	et	al.,	2012).	
Figure	6 shows	selected	electrophysiologic	and	mechani-
cal	traces	simulated	by	the	hiPSC-	CM-	CE	after	we	tuned	
its	maximum	conductances	and	currents	with	two	differ-
ent	coefficient	sets,	namely	SET1	and	SET2,	that	had	trig-
gered	EADs	in	the	Paci2020 model,	as	response	to	95%	IKr	
block.	Of	note,	the	original	Paci2020 model	(as	its	prede-
cessor	Paci2018)	responds	to	a	strong	IKr	block	with	an	ex-
treme	APD	prolongation	but	no	EADs	(Paci,	Koivumäki,	
et	al.,	2021;	Paci,	Pölönen,	et	al.,	2018).	However,	exper-
imentally	calibrated	populations	of	models	generated	by	
using	 Paci2020	 or	 Paci2018  models	 contain	 models	 that	
can	 produce	 EAD	 as	 a	 response	 to	 IKr	 block	 or	 more	 in	
general	during	 in silico	 tests	of	multichannel	drugs	with	
a	substantial	effect	on	hERG	(Paci	et	al.,	2018,	2020).	As	
shown	in	Figure	6,	95%	IKr	block	triggers	EADs	in	SET1	

F I G U R E  3  Simulated	action	
potentials	and	ionic	currents	of	the	
hiPSC-	CM-	CE	model	vs.	Paci2020	(Paci	
et	al.,	2020)	in	spontaneous	beating	in	
the	steady-	state	condition.	(a)	Membrane	
potential.	(b)	Fast	Na+	current	(INa).	(c)	
L-	type	Ca2+	current	(ICaL).	(d)	Transient	
outward	K+	current	(Ito).	(e)	Rapid	
delayed	rectifier	K+	current	(IKr).	(f)	
Cytosolic	Ca2+	concentration	(Cai).	(g)	
Na+/Ca2+	exchanger	(INCX).	(h)	Ca2+	
release	from	sarcoplasmic	reticulum	
(JRyR).	(i)	Cytosolic	Na+	concentration	
(Nai).	(j)	Sarcoplasmic	Ca2+	concentration	
(CaSR)
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and	SET2	and	the	consequent	aftercontractions.	In	Figure	
6,	both	in	SET1	and	SET2,	we	observe	APD	prolongation	
due	to	the	IKr	block	and	the	subsequent	alterations	in	CaTs	
due	to	anomalous	Ca2+	releases	from	SR	(see	the	arrows	
in	JRyR).	On	the	one	hand,	these	releases	increase	the	cy-
tosolic	 Ca2+	 concentration,	 thus	 triggering	 aftercontrac-
tions.	 On	 the	 other	 hand,	 they	 activate	 the	 inward	 INCX	
that	depolarizes	the	membrane	potential	during	its	repo-
larization,	which	triggers	EADs	(Paci	et	al.,	2021;	Priori	&	
Corr,	1990;	Szabo	et	al.,	1994).	In	SET2,	we	even	observe	
consecutive	EADs	and	aftercontractions.	In	this	case,	the	
first	 inward	 INCX	 activation	 is	 so	 strong	 that	 triggers	 al-
most	a	full	anticipated	AP	(blue	arrows).	Then,	a	second	
INCX	 activation	 triggers	 the	 second	 EADs,	 where	 we	 ob-
serve	an	ICaL	reactivation	up	to	−0.22	A/F	(green	arrows).	
Furthermore,	we	replicated	the	Verapamil	and	Bay-	K	8644	
tests	also	on	SET1	and	SET2	(Figure	S6),	observing	in	both	
cases	a	negative	inotropic	effect	for	Verapamil	and	a	pos-
itive	 inotropic	 effect	 for	 Bay-	K	 8644	 consistent	 with	 the	
results	in	Figure	5.

3.4	 |	 Exploring the impact of  
non- cardiomyocytes

The	pivotal	 role	of	non-	cardiomyocytes	 in	 the	electrome-
chanics	of	hiPSC-	CMs,	expressly	the	mechanical	outputs,	

has	been	confirmed	previously	(Iseoka	et	al.,	2018).	Here,	
following	the	biphasic	trend	in	contraction–	relaxation	ve-
locities	 observed	 for	 different	 ctn	 ratios	 in	 EHTs	 (Figure	
S7),	we	defined	the	CE	passive	force	as	a	piecewise	function	
(Equation	5).	The	implementation	of	a	new	passive	force	to	
the	CE	led	to	a	correct	categorization	of	the	inotropic	effects	
of	non-	cardiomyocytes	(Figure	7).	This	is	considered	as	an	
inter-	scale	analysis	of	the	behavior	of	the	hiPSC-	CM	tissues	
provided	by	the	hiPSC-	CM-	CE	simulations.	In	detail,	inter-	
scale	means	that	simulations	were	done	based	on	a	single	
cell	(0D)	framework	simulating	and	predicting	in	a	simple	
way	the	behavior	of	a	multicellular	(1D	or	2D)	domain.

When	changing	the	ctn,	the	model	simulated	positive	
and	negative	inotropic	effects	according	to	the	in vitro	data	
reported	in	Iseoka	et	al.	(2018)	for	contraction–	relaxation	
velocity	 and	 cell	 deformation.	 The	 highest	 deformation	
distance,	 which	 also	 can	 represent	 the	 contractile	 force,	
was	 simulated	 for	 EHTs	 comprising	 70%	 of	 cardiomy-
ocytes	 (Figure	 7a).	 Moreover,	 our	 results	 show	 that	 the	
contraction–	relaxation	 velocities	 increase	 by	 increasing	
the	 cardiomyocyte	 portion	 (Figure	 7b).	 Velocities	 simu-
lated	at	90%	of	ctn	were	smaller	than	those	simulated	for	
EHTs	comprising	70%	cardiomyocytes,	as	reported	exper-
imentally	 in	Iseoka	et	al.	 (2018).	 Importantly,	 the	model	
predicts	the	lowest	contractile	performance	in	accord	with	
the	 reported	 non-	cardiomyocyte	 effects	 indicating	 the	
highest	inhibition	of	electrical	propagation	for	ctn = 25%	
(Iseoka	et	al.,	2018).

4 	 | 	 DISCUSSION

This	 work	 proposes	 an	 electromechanical	 hiPSC-	CM	
model	 obtained	 by	 coupling	 the	 Paci2020	 ionic	 model,	
and	 the	 reparametrized	 Rice2008	 CE	 model,	 while	 also	
adding	 a	 new	 passive	 force	 handling.	 The	 mechanical	
behavior	of	 the	model	has	been	independently	validated	
by	key	contraction	protocols	reported	experimentally	for	
hiPSC-	CMs.	Notably,	the	inotropic	effect	of	different	mul-
tichannel	action	reference	drugs	and	arrhythmogenic	ef-
fects,	in	terms	of	aftercontractions,	have	been	accurately	
predicted	 by	 the	 hiPSC-	CM-	CE	 model.	 The	 simulations	
also	correctly	predicted	the	dynamics	of	the	contribution	
of	non-	cardiomyocytes	to	hiPSC-	CM	tissues.	Overall,	this	
study	 provides	 a	 reliable	 mechanistic	 framework	 for	 fu-
ture	studies	on	hiPSC-	CMs	and	the	functions	of	immature	
cardiac	cells.

4.1	 |	 hiPSC- CM- CE electromechanics

The	capability	 to	 simulate	key	 in	vitro	AP	and	CaT	bio-
markers	 is	necessary	 for	 in silico	 cardiomyocyte	models.	

F I G U R E  4  Percent	of	cell	shortening	and	the	contraction	RT25	
(time	from	peak	contraction	to	50%	of	relaxation)	simulated	by	the	
hiPSC-	CM-	CE	model
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The	hiPSC-	CM-	CE	model	recapitulates	all	the	AP	and	CaT	
biomarkers	 within	 the	 experimental	 ranges	 reported	 in	
(Paci	et	al.,	2020;	Paci,	Pölönen,	et	al.,	2018).	Furthermore,	
Table	3  signifies	 the	 impact	of	CE	 integration	and	repa-
rameterization	 regarding	 the	 electrophysiological	 bio-
markers.	Notably,	the	reparameterization	of	the	CE	could	
restore	the	four	electrophysiological	biomarkers	that	were	
out-	of-	range	when	the	original	Rice	CE	was	used	instead	
of	the	reparametrized	one.

The	biochemical	XB-	related	phenomena	can	be	repre-
sented	more	accurately	by	the	mathematical	myofilament	
models	consisting	of	many	states,	yet	 the	computational	
cost	is	significant	as	well.	Thus,	maintaining	a	balance	be-
tween	biophysical	accuracy	and	computational	efficiency	
is	the	primary	goal	of	current	myofilament	dynamic	mod-
els.	 Given	 this,	 we	 selected	 Rice	 et	 al.	 (2008)	 model	 for	
this	 research	 as	 the	 essential	 calcium-	based	 activation	
and	 sarcomere	 length-	based	 sensitivity	 mechanisms	 are	
incorporated	 by	 this	 contractile	 machinery.	 A	 thorough	
review	on	this	subject	has	been	given	earlier	(Trayanova	&	
Rice,	2011).	Correspondingly,	our	main	motivation	to	rep-
arametrize	the	original	Rice	CE	was	enabling	the	model	to	

accurately	recapitulate	a	broad	range	of	electrophysiolog-
ical	and	mechanical	readouts	as	 the	Paci2020 + original	
Rice	CE	could	not	(Figure	S4	and	Table	3).

The	 assessment	 of	 the	 contractility	 is	 crucial	 when	
developing	 a	 mathematical	 cell	 model	 of	 cardiac	 elec-
tromechanics	 (Campbell	 et	 al.,	 2008;	 Forouzandehmehr	
et	al.,	2020;	Margara	et	al.,	2020,	2021;	Negroni	et	al.,	2015;	
Pioner	et	al.,	2020;	Rice	et	al.,	2008;	Tran	et	al.,	2017;	Zile	&	
Trayanova,	2017).	In	that	context,	the	tension–	SL	relation-
ship	is	not	only	a	standard	experimental	protocol	in	my-
ofilament	studies	(Negroni	et	al.,	2015;	Rice	et	al.,	2008)	
but	also	serves	as	a	measure	for	evaluating	the	CE	mathe-
matical	models.	The	tension–	SL	relationship	in	Figure	2a	
shows	that	the	reparametrized	CE	was	able	to	replicate	an	
improved	 tension–	SL	 curve	 regarding	 the	 experimental	
ranges	obtained	for	cat	trabeculae.

Correspondingly,	 another	 key	 mechanical	 index	 here	
is	 fractional	 cell	 shortening	 (Figure	 2b),	 which	 often	 is	
considered	as	a	representative	of	the	contractile	capacity	
(Pioner	 et	 al.,	 2020).	 At	 1  Hz	 pacing,	 the	 hiPSC-	CM-	CE	
has	successfully	developed	%	of	cell	shortening	within	the	
experimental	range	reported	for	hiPSC-	CMs	at	1.8 mM	of	

F I G U R E  5  Electrophysiology	
and	contractility	of	the	hiPSC-	CM-	CE	
in	control	and	drug	modes.	(a)	Action	
potentials.	(b)	L-	type	Ca2+	currents.	(c)	
Cytosolic	Ca2+	transients.	(d)	Active	
tensions.	(e)	RT80	(time	from	peak	
contraction	to	80%	of	relaxation)	results	
of	the	model	in	response	to	different	
concentrations	of	Bay-	K	8644	and	the	in	
vitro	data	obtained	from	different	hiPSC-	
CMs.	Cor4U	and	iCell	are	commercial	
cardiomyocytes	the	data	of	which	
have	been	acquired	from	Mannhardt	
et	al.	(2016).	Cases	(a–	d)	show	data	at	
spontaneous	condition,	and	case	(e)	shows	
the	model	results	at	1.5 Hz	pacing.	BL:	
Baseline.	Of	note,	the	same	tests	presented	
in	panels	(a–	d)	were	also	performed	
in	paced	conditions	(1 Hz),	without	
observing	noteworthy	differences	with	the	
results	presented	in	this	figure
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and	SET2	and	the	consequent	aftercontractions.	In	Figure	
6,	both	in	SET1	and	SET2,	we	observe	APD	prolongation	
due	to	the	IKr	block	and	the	subsequent	alterations	in	CaTs	
due	to	anomalous	Ca2+	releases	from	SR	(see	the	arrows	
in	JRyR).	On	the	one	hand,	these	releases	increase	the	cy-
tosolic	 Ca2+	 concentration,	 thus	 triggering	 aftercontrac-
tions.	 On	 the	 other	 hand,	 they	 activate	 the	 inward	 INCX	
that	depolarizes	the	membrane	potential	during	its	repo-
larization,	which	triggers	EADs	(Paci	et	al.,	2021;	Priori	&	
Corr,	1990;	Szabo	et	al.,	1994).	In	SET2,	we	even	observe	
consecutive	EADs	and	aftercontractions.	In	this	case,	the	
first	 inward	 INCX	 activation	 is	 so	 strong	 that	 triggers	 al-
most	a	full	anticipated	AP	(blue	arrows).	Then,	a	second	
INCX	 activation	 triggers	 the	 second	 EADs,	 where	 we	 ob-
serve	an	ICaL	reactivation	up	to	−0.22	A/F	(green	arrows).	
Furthermore,	we	replicated	the	Verapamil	and	Bay-	K	8644	
tests	also	on	SET1	and	SET2	(Figure	S6),	observing	in	both	
cases	a	negative	inotropic	effect	for	Verapamil	and	a	pos-
itive	 inotropic	 effect	 for	 Bay-	K	 8644	 consistent	 with	 the	
results	in	Figure	5.

3.4	 |	 Exploring the impact of  
non- cardiomyocytes

The	pivotal	 role	of	non-	cardiomyocytes	 in	 the	electrome-
chanics	of	hiPSC-	CMs,	expressly	the	mechanical	outputs,	

has	been	confirmed	previously	(Iseoka	et	al.,	2018).	Here,	
following	the	biphasic	trend	in	contraction–	relaxation	ve-
locities	 observed	 for	 different	 ctn	 ratios	 in	 EHTs	 (Figure	
S7),	we	defined	the	CE	passive	force	as	a	piecewise	function	
(Equation	5).	The	implementation	of	a	new	passive	force	to	
the	CE	led	to	a	correct	categorization	of	the	inotropic	effects	
of	non-	cardiomyocytes	(Figure	7).	This	is	considered	as	an	
inter-	scale	analysis	of	the	behavior	of	the	hiPSC-	CM	tissues	
provided	by	the	hiPSC-	CM-	CE	simulations.	In	detail,	inter-	
scale	means	that	simulations	were	done	based	on	a	single	
cell	(0D)	framework	simulating	and	predicting	in	a	simple	
way	the	behavior	of	a	multicellular	(1D	or	2D)	domain.

When	changing	the	ctn,	the	model	simulated	positive	
and	negative	inotropic	effects	according	to	the	in vitro	data	
reported	in	Iseoka	et	al.	(2018)	for	contraction–	relaxation	
velocity	 and	 cell	 deformation.	 The	 highest	 deformation	
distance,	 which	 also	 can	 represent	 the	 contractile	 force,	
was	 simulated	 for	 EHTs	 comprising	 70%	 of	 cardiomy-
ocytes	 (Figure	 7a).	 Moreover,	 our	 results	 show	 that	 the	
contraction–	relaxation	 velocities	 increase	 by	 increasing	
the	 cardiomyocyte	 portion	 (Figure	 7b).	 Velocities	 simu-
lated	at	90%	of	ctn	were	smaller	than	those	simulated	for	
EHTs	comprising	70%	cardiomyocytes,	as	reported	exper-
imentally	 in	Iseoka	et	al.	 (2018).	 Importantly,	 the	model	
predicts	the	lowest	contractile	performance	in	accord	with	
the	 reported	 non-	cardiomyocyte	 effects	 indicating	 the	
highest	inhibition	of	electrical	propagation	for	ctn = 25%	
(Iseoka	et	al.,	2018).

4 	 | 	 DISCUSSION

This	 work	 proposes	 an	 electromechanical	 hiPSC-	CM	
model	 obtained	 by	 coupling	 the	 Paci2020	 ionic	 model,	
and	 the	 reparametrized	 Rice2008	 CE	 model,	 while	 also	
adding	 a	 new	 passive	 force	 handling.	 The	 mechanical	
behavior	of	 the	model	has	been	independently	validated	
by	key	contraction	protocols	reported	experimentally	for	
hiPSC-	CMs.	Notably,	the	inotropic	effect	of	different	mul-
tichannel	action	reference	drugs	and	arrhythmogenic	ef-
fects,	in	terms	of	aftercontractions,	have	been	accurately	
predicted	 by	 the	 hiPSC-	CM-	CE	 model.	 The	 simulations	
also	correctly	predicted	the	dynamics	of	the	contribution	
of	non-	cardiomyocytes	to	hiPSC-	CM	tissues.	Overall,	this	
study	 provides	 a	 reliable	 mechanistic	 framework	 for	 fu-
ture	studies	on	hiPSC-	CMs	and	the	functions	of	immature	
cardiac	cells.

4.1	 |	 hiPSC- CM- CE electromechanics

The	capability	 to	 simulate	key	 in	vitro	AP	and	CaT	bio-
markers	 is	necessary	 for	 in silico	 cardiomyocyte	models.	

F I G U R E  4  Percent	of	cell	shortening	and	the	contraction	RT25	
(time	from	peak	contraction	to	50%	of	relaxation)	simulated	by	the	
hiPSC-	CM-	CE	model
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The	hiPSC-	CM-	CE	model	recapitulates	all	the	AP	and	CaT	
biomarkers	 within	 the	 experimental	 ranges	 reported	 in	
(Paci	et	al.,	2020;	Paci,	Pölönen,	et	al.,	2018).	Furthermore,	
Table	3  signifies	 the	 impact	of	CE	 integration	and	repa-
rameterization	 regarding	 the	 electrophysiological	 bio-
markers.	Notably,	the	reparameterization	of	the	CE	could	
restore	the	four	electrophysiological	biomarkers	that	were	
out-	of-	range	when	the	original	Rice	CE	was	used	instead	
of	the	reparametrized	one.

The	biochemical	XB-	related	phenomena	can	be	repre-
sented	more	accurately	by	the	mathematical	myofilament	
models	consisting	of	many	states,	yet	 the	computational	
cost	is	significant	as	well.	Thus,	maintaining	a	balance	be-
tween	biophysical	accuracy	and	computational	efficiency	
is	the	primary	goal	of	current	myofilament	dynamic	mod-
els.	 Given	 this,	 we	 selected	 Rice	 et	 al.	 (2008)	 model	 for	
this	 research	 as	 the	 essential	 calcium-	based	 activation	
and	 sarcomere	 length-	based	 sensitivity	 mechanisms	 are	
incorporated	 by	 this	 contractile	 machinery.	 A	 thorough	
review	on	this	subject	has	been	given	earlier	(Trayanova	&	
Rice,	2011).	Correspondingly,	our	main	motivation	to	rep-
arametrize	the	original	Rice	CE	was	enabling	the	model	to	

accurately	recapitulate	a	broad	range	of	electrophysiolog-
ical	and	mechanical	readouts	as	 the	Paci2020 + original	
Rice	CE	could	not	(Figure	S4	and	Table	3).

The	 assessment	 of	 the	 contractility	 is	 crucial	 when	
developing	 a	 mathematical	 cell	 model	 of	 cardiac	 elec-
tromechanics	 (Campbell	 et	 al.,	 2008;	 Forouzandehmehr	
et	al.,	2020;	Margara	et	al.,	2020,	2021;	Negroni	et	al.,	2015;	
Pioner	et	al.,	2020;	Rice	et	al.,	2008;	Tran	et	al.,	2017;	Zile	&	
Trayanova,	2017).	In	that	context,	the	tension–	SL	relation-
ship	is	not	only	a	standard	experimental	protocol	in	my-
ofilament	studies	(Negroni	et	al.,	2015;	Rice	et	al.,	2008)	
but	also	serves	as	a	measure	for	evaluating	the	CE	mathe-
matical	models.	The	tension–	SL	relationship	in	Figure	2a	
shows	that	the	reparametrized	CE	was	able	to	replicate	an	
improved	 tension–	SL	 curve	 regarding	 the	 experimental	
ranges	obtained	for	cat	trabeculae.

Correspondingly,	 another	 key	 mechanical	 index	 here	
is	 fractional	 cell	 shortening	 (Figure	 2b),	 which	 often	 is	
considered	as	a	representative	of	the	contractile	capacity	
(Pioner	 et	 al.,	 2020).	 At	 1  Hz	 pacing,	 the	 hiPSC-	CM-	CE	
has	successfully	developed	%	of	cell	shortening	within	the	
experimental	range	reported	for	hiPSC-	CMs	at	1.8 mM	of	

F I G U R E  5  Electrophysiology	
and	contractility	of	the	hiPSC-	CM-	CE	
in	control	and	drug	modes.	(a)	Action	
potentials.	(b)	L-	type	Ca2+	currents.	(c)	
Cytosolic	Ca2+	transients.	(d)	Active	
tensions.	(e)	RT80	(time	from	peak	
contraction	to	80%	of	relaxation)	results	
of	the	model	in	response	to	different	
concentrations	of	Bay-	K	8644	and	the	in	
vitro	data	obtained	from	different	hiPSC-	
CMs.	Cor4U	and	iCell	are	commercial	
cardiomyocytes	the	data	of	which	
have	been	acquired	from	Mannhardt	
et	al.	(2016).	Cases	(a–	d)	show	data	at	
spontaneous	condition,	and	case	(e)	shows	
the	model	results	at	1.5 Hz	pacing.	BL:	
Baseline.	Of	note,	the	same	tests	presented	
in	panels	(a–	d)	were	also	performed	
in	paced	conditions	(1 Hz),	without	
observing	noteworthy	differences	with	the	
results	presented	in	this	figure
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extracellular	Ca2+	and	37.	Also,	the	simulated	times	from	
peak	 contraction	 to	 50	 and	 75%	 of	 relaxation	 (RT50	 and	
RT25,	 respectively),	 as	 measures	 for	 relaxation	 kinetics,	
show	 that	 the	 model	 sits	 within	 a	 desirable	 domain	 in	
terms	of	mechanical	outputs	and	sarcomere	dynamics.	It	
is	 also	 worth	 mentioning	 that	 the	 hiPSC-	CM-	CE	 model	
simulates	 the	 tension	 magnitude	 within	 the	 hiPSC-	CMs	
experimental	range	at	1.8 mM	of	extracellular	Ca2+	and	37	
(Figure	2c)	(Ruan	et	al.,	2016).	These	properties	endorse	
the	model	as	a	capable	mathematical	base	for	future	works	
on	modeling	contractility	and	the	relevant	dysfunctions.

Finally,	another	essential	contractility	index	routinely	
reported	in	experimental	myofilament	studies	(Hayakawa	
et	al.,	 2014;	Rodriguez	et	 al.,	 2014)	 is	 referred	 to	as	mo-
tion	waveform	or	contraction–	relaxation	velocity.	Lately,	
the	 role	 of	 decreased	 relaxation	 velocity	 and	 prolonged	
relaxation	 duration	 in	 the	 characterization	 of	 diastolic	
dysfunction	 has	 been	 actively	 investigated	 (Hayakawa	
et	al.,	2014).	Also,	 the	 study	of	cardiac	pathologies	 such	
as	 ischaemic	 diseases,	 hypertension,	 and	 rare	 genetic	
disorders	 are	 associated	 with	 the	 contraction–	relaxation	
velocity	and	duration	(Hayakawa	et	al.,	2014).	The	hiPSC-	
CM-	CE	 replicates	 physiological	 contraction–	relaxation	

velocity	 profiles	 (Figure	 2e)	 consistent	 with	 the	 experi-
mental	 findings	 for	 hiPSC-	CMs	 (Hayakawa	 et	 al.,	 2014;	
Rodriguez	 et	 al.,	 2014).	Therefore,	 our	 model	 is	 suitable	
for	simulating	the	effects	of	the	aforementioned	disorders	
as	mentioned	above	on	the	contraction–	relaxation	veloc-
ity	profiles.

The	 fundamental	 role	 of	 non-	cardiomyocytes	 in	 the	
electromechanics,	 function,	 and	 therapeutic	 potential	
of	 hiPSC-	CMs	 tissues	 has	 been	 proved	 (Iseoka	 et	 al.,	
2018).	 Notably,	 in	 producing	 functional	 hiPSC-	derived	
EHTs	 as	 platforms	 in	 cardiac-	regeneration	 therapy,	 the	
quantity	 of	 non-	cardiomyocytes	 is	 vital.	 The	 hiPSC-	CM	
EHTs	comprising	50–	70%	of	cardiomyocytes	have	shown	
stable	 structures	 and	 augmented	 the	 therapeutic	 poten-
tial	 (Iseoka	et	al.,	2018).	As	an	 inter-	scale	capability,	 the	
hiPSC-	CM-	CE	 featuring	 this	 passive	 force	 simulated	
the	 contraction–	relaxation	 velocity	 and	 cell	 shortening	
trends	observed	experimentally	(Figure	S7).	This	also	in-
dicates	a	 correct	 classification	of	 the	 inotropic	effects	of	
non-	cardiomyocytes	 in	 hiPSC-	CM	 tissues	 simulated	 on	
account	 of	 the	 new	 passive	 force	 introduced	 to	 the	 CE.	
Furthermore,	 the	 ctn-	based	 variations	 in	 the	 simulated	
positive	and	negative	inotropic	effects	for	motion	waveform	

F I G U R E  6  Action	potentials,	L-	type	
Ca2+	currents	(ICaL),	Na+/Ca2+	exchangers	
(INCX),	Calcium	Transients,	Ca2+	releases	
from	the	sarcoplasmic	reticulum	(JRyR),	
and	active	tensions	simulated	for	two	
sets	of	parameters	(SET1	and	SET2)	
used	to	generate	models	which	develop	
EADs	(a)	and	(b),	using	hiPSC-	CM-	CE	
as	baseline.	Blue	arrows	show	almost	full	
anticipated	APs	due	to	the	strong	first	
inward	INCX	activation.	Then,	a	second	
INCX	activation	triggers	the	second	EADs	
where	we	observe	an	ICaL	reactivation	up	
to	−0.22	pA/pF	(green	arrows).	The	scales	
of	tensions	are	different.	In	the	third	line,	
we	show	a	magnification	of	the	ICaL	traces,	
highlighting	ICaL	reactivation

   | 13 of 18FOROUZANDEHMEHR et al.

(Figure	7b)	and	fractional	cell	shortening	(Figure	7a)	are	
consistent	with	 the	corresponding	experimental	data	 re-
ported	in	Iseoka	et	al.	(2018).	The	model	fittingly	predicts	
the	 lowest	 contractile	 potential	 according	 to	 the	 under-
lying	 biophysics	 behind	 the	 non-	cardiomyocyte	 effects	
demonstrating	the	highest	 inhibition	of	electrical	propa-
gation	for	ctn = 25%	(Iseoka	et	al.,	2018).

4.2	 |	 hiPSC- CM- CE and drug- induced  
effects

The	pharmaceutical	industry	and	research	consider	the	
inotropic	 and	 pro-	arrhythmic	 liabilities	 as	 their	 main	
concerns	(Laverty	et	al.,	2011).	Congruently,	evaluating	
the	potentials	of	new	drug	candidates	designed	to	target	
cardiac	electromechanics	 is	a	must	 in	 the	early	phases	
of	drug	discovery	(Nguyen	et	al.,	2017).	Computational	
approaches	have	been	proved	to	be	a	promising	oppor-
tunity	for	fast	and	inexpensive	drug	screenings	and	ac-
curate	 prediction	 of	 clinical	 hazards	 (Li	 et	 al.,	 2019).	
Nevertheless,	the	inotropic	risk	assessments	based	on	in 
silico	approaches	are	greatly	missing.	To	study	the	drug-	
induced	 influences	 on	 hiPSC-	CMs	 electromechanics,	
we	have	presented	a	model	validated	against	experimen-
tal	data	reported	for	relevant	drugs.	The	correct	classi-
fication	of	negative	and	positive	inotropic	outcomes	for	
the	 selected	 reference	 compounds	 and	 the	 mechanism	

behind	 the	observed	 final	contractility	are	captured	by	
hiPSC-	CM-	CE	simulations.

The	 chosen	 drugs	 in	 this	 study	 are	 reference	 com-
pounds	having	different	pro-	arrhythmic	profiles	and	dis-
tinguished	clinical	results.	Verapamil	 is	not	classified	by	
CredibleMeds	(Woosley	et	al.,	2021),	and	it	is	included	in	
the	 “No	 TdP	 risk”	 category	 in	 the	 in silico	 model-	based	
ranking	by	Passini	et	al.	 (2017)	(Paci	et	al.,	2020).	Bay-	K	
8644	prolongs	action	potential	duration	resulting	in	pro-
longation	of	 the	QT	 interval	 (Sicouri	 et	al.,	 2007)	and	 is	
connected	 with	 an	 increase	 in	 TdP	 risk	 (Sicouri	 et	 al.,	
2010).

The	electromechanical	coupling	correctly	replicates	the	
APD	prolongation	induced	by	Bay-	K	8644.	Consequently,	
an	increase	in	cytosolic	Ca2+,	and	therefore	an	elevated	ac-
tive	tension	(Figure	5d)	has	also	been	correctly	predicted	
by	 the	 model.	These	 results	 are	 consistent	 with	 positive	
inotropic	 results	 reported	 for	 Bay-	K	 8644	 (Ruan	 et	 al.,	
2016;	 Sicouri	 et	 al.,	 2007).	 Markedly,	 the	 hiPSC-	CM-	CE	
accurately	 predicts	 the	 prolonged	 relaxation	 due	 to	 Bay			
K-	8644	 (negative	 lusitropic	 effect).	 Of	 note,	 an	 essential	
indicator	 for	 proarrhythmic	 cardiotoxicity	 is	 the	 drug-	
induced	upsurge	in	APD90,	the	action	potential	duration	at	
90%	of	its	repolarization	(Mannhardt	et	al.,	2016).	The	Bay			
K-	8644	 results	 simulated	 here,	 which	 follows	 the	 traces	
reported	in vitro	(Figure	5e),	confirm	that	relaxation	time	
RT80	of	hiPSC-	CMs	might	be	a	fit	replacement	parameter	
for	repolarization	time	or	APD90,	as	also	suggested	earlier	
(Mannhardt	et	al.,	2016).

Verapamil	is	a	multichannel	action	compound	block-
ing	 a	 number	 of	 currents,	 namely	 IKr,	 ICaL,	 and	 INaF	
(Kramer	 et	 al.,	 2013).	 Markedly,	 the	 CaT	 is	 mainly	 af-
fected	by	the	ICaL	block	(Figure	5b,c),	leading	to	a	nega-
tive	inotropic	effect	(Figure	5d)	which	is	consistent	with	
experimental	 reports	 of	 inotropic	 effects	 of	 Verapamil	
in	hiPSC-	CMs	(Ruan	et	al.,	2016)	and	hV-	CMs	(Nguyen	
et	al.,	2017).	Notably,	the	depressant	effect	of	Verapamil	
on	myocardial	contractility	pose	a	potential	risk	of	using	
it	for	subjects	having	severe	left	ventricular	dysfunction	
and,	 therefore,	 it	 is	 generally	 prohibited	 in	 such	 cases	
(Margara	 et	 al.,	 2021).	 The	 simulated	 Verapamil	 nega-
tive	inotropic	effect	(Figure	5d	and	Figure	S6)	confirms	
this	risk.

After	contractions	appear	in	cardiac	tissues	and	tra-
beculae	 following	 dofetilide	 administration	 (Nguyen	
et	 al.,	 2017),	 as	 well	 as,	 in	 myocardial	 slices	 contain-
ing	 titin	 and	 collagen	 administered	 with	 isoproterenol	
(Watson	et	al.,	2019).	The	EAD/DAD-	induced	mechan-
ical	response	predicted	by	our	model	(Figure	6)	closely	
matches	the	experimental	findings	reported	for	hV-	CMs	
(Nguyen	 et	 al.,	 2017)	 and	 hiPSC-	CMs	 (Novak	 et	 al.,	
2012).	 This	 makes	 hiPSC-	CM-	CE	 suitable	 to	 be	 the	
baseline	 for	 population-	based	 studies	 aimed	 to	 assess	

F I G U R E  7  Simulated	percent	of	cell	shortenings	(a)	and	
(b)	contraction–	relaxation	velocities	at	different	percents	of	
cardiomyocytes	in	the	engineered	heart	tissue	(ctns),	normalized	
over	the	maximum	value	simulated	for	ctn = 70%
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extracellular	Ca2+	and	37.	Also,	the	simulated	times	from	
peak	 contraction	 to	 50	 and	 75%	 of	 relaxation	 (RT50	 and	
RT25,	 respectively),	 as	 measures	 for	 relaxation	 kinetics,	
show	 that	 the	 model	 sits	 within	 a	 desirable	 domain	 in	
terms	of	mechanical	outputs	and	sarcomere	dynamics.	It	
is	 also	 worth	 mentioning	 that	 the	 hiPSC-	CM-	CE	 model	
simulates	 the	 tension	 magnitude	 within	 the	 hiPSC-	CMs	
experimental	range	at	1.8 mM	of	extracellular	Ca2+	and	37	
(Figure	2c)	(Ruan	et	al.,	2016).	These	properties	endorse	
the	model	as	a	capable	mathematical	base	for	future	works	
on	modeling	contractility	and	the	relevant	dysfunctions.

Finally,	another	essential	contractility	index	routinely	
reported	in	experimental	myofilament	studies	(Hayakawa	
et	al.,	 2014;	Rodriguez	et	 al.,	 2014)	 is	 referred	 to	as	mo-
tion	waveform	or	contraction–	relaxation	velocity.	Lately,	
the	 role	 of	 decreased	 relaxation	 velocity	 and	 prolonged	
relaxation	 duration	 in	 the	 characterization	 of	 diastolic	
dysfunction	 has	 been	 actively	 investigated	 (Hayakawa	
et	al.,	2014).	Also,	 the	 study	of	cardiac	pathologies	 such	
as	 ischaemic	 diseases,	 hypertension,	 and	 rare	 genetic	
disorders	 are	 associated	 with	 the	 contraction–	relaxation	
velocity	and	duration	(Hayakawa	et	al.,	2014).	The	hiPSC-	
CM-	CE	 replicates	 physiological	 contraction–	relaxation	

velocity	 profiles	 (Figure	 2e)	 consistent	 with	 the	 experi-
mental	 findings	 for	 hiPSC-	CMs	 (Hayakawa	 et	 al.,	 2014;	
Rodriguez	 et	 al.,	 2014).	Therefore,	 our	 model	 is	 suitable	
for	simulating	the	effects	of	the	aforementioned	disorders	
as	mentioned	above	on	the	contraction–	relaxation	veloc-
ity	profiles.

The	 fundamental	 role	 of	 non-	cardiomyocytes	 in	 the	
electromechanics,	 function,	 and	 therapeutic	 potential	
of	 hiPSC-	CMs	 tissues	 has	 been	 proved	 (Iseoka	 et	 al.,	
2018).	 Notably,	 in	 producing	 functional	 hiPSC-	derived	
EHTs	 as	 platforms	 in	 cardiac-	regeneration	 therapy,	 the	
quantity	 of	 non-	cardiomyocytes	 is	 vital.	 The	 hiPSC-	CM	
EHTs	comprising	50–	70%	of	cardiomyocytes	have	shown	
stable	 structures	 and	 augmented	 the	 therapeutic	 poten-
tial	 (Iseoka	et	al.,	2018).	As	an	 inter-	scale	capability,	 the	
hiPSC-	CM-	CE	 featuring	 this	 passive	 force	 simulated	
the	 contraction–	relaxation	 velocity	 and	 cell	 shortening	
trends	observed	experimentally	(Figure	S7).	This	also	in-
dicates	a	 correct	 classification	of	 the	 inotropic	effects	of	
non-	cardiomyocytes	 in	 hiPSC-	CM	 tissues	 simulated	 on	
account	 of	 the	 new	 passive	 force	 introduced	 to	 the	 CE.	
Furthermore,	 the	 ctn-	based	 variations	 in	 the	 simulated	
positive	and	negative	inotropic	effects	for	motion	waveform	

F I G U R E  6  Action	potentials,	L-	type	
Ca2+	currents	(ICaL),	Na+/Ca2+	exchangers	
(INCX),	Calcium	Transients,	Ca2+	releases	
from	the	sarcoplasmic	reticulum	(JRyR),	
and	active	tensions	simulated	for	two	
sets	of	parameters	(SET1	and	SET2)	
used	to	generate	models	which	develop	
EADs	(a)	and	(b),	using	hiPSC-	CM-	CE	
as	baseline.	Blue	arrows	show	almost	full	
anticipated	APs	due	to	the	strong	first	
inward	INCX	activation.	Then,	a	second	
INCX	activation	triggers	the	second	EADs	
where	we	observe	an	ICaL	reactivation	up	
to	−0.22	pA/pF	(green	arrows).	The	scales	
of	tensions	are	different.	In	the	third	line,	
we	show	a	magnification	of	the	ICaL	traces,	
highlighting	ICaL	reactivation
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(Figure	7b)	and	fractional	cell	shortening	(Figure	7a)	are	
consistent	with	 the	corresponding	experimental	data	 re-
ported	in	Iseoka	et	al.	(2018).	The	model	fittingly	predicts	
the	 lowest	 contractile	 potential	 according	 to	 the	 under-
lying	 biophysics	 behind	 the	 non-	cardiomyocyte	 effects	
demonstrating	the	highest	 inhibition	of	electrical	propa-
gation	for	ctn = 25%	(Iseoka	et	al.,	2018).

4.2	 |	 hiPSC- CM- CE and drug- induced  
effects

The	pharmaceutical	industry	and	research	consider	the	
inotropic	 and	 pro-	arrhythmic	 liabilities	 as	 their	 main	
concerns	(Laverty	et	al.,	2011).	Congruently,	evaluating	
the	potentials	of	new	drug	candidates	designed	to	target	
cardiac	electromechanics	 is	a	must	 in	 the	early	phases	
of	drug	discovery	(Nguyen	et	al.,	2017).	Computational	
approaches	have	been	proved	to	be	a	promising	oppor-
tunity	for	fast	and	inexpensive	drug	screenings	and	ac-
curate	 prediction	 of	 clinical	 hazards	 (Li	 et	 al.,	 2019).	
Nevertheless,	the	inotropic	risk	assessments	based	on	in 
silico	approaches	are	greatly	missing.	To	study	the	drug-	
induced	 influences	 on	 hiPSC-	CMs	 electromechanics,	
we	have	presented	a	model	validated	against	experimen-
tal	data	reported	for	relevant	drugs.	The	correct	classi-
fication	of	negative	and	positive	inotropic	outcomes	for	
the	 selected	 reference	 compounds	 and	 the	 mechanism	

behind	 the	observed	 final	contractility	are	captured	by	
hiPSC-	CM-	CE	simulations.

The	 chosen	 drugs	 in	 this	 study	 are	 reference	 com-
pounds	having	different	pro-	arrhythmic	profiles	and	dis-
tinguished	clinical	results.	Verapamil	 is	not	classified	by	
CredibleMeds	(Woosley	et	al.,	2021),	and	it	is	included	in	
the	 “No	 TdP	 risk”	 category	 in	 the	 in silico	 model-	based	
ranking	by	Passini	et	al.	 (2017)	(Paci	et	al.,	2020).	Bay-	K	
8644	prolongs	action	potential	duration	resulting	in	pro-
longation	of	 the	QT	 interval	 (Sicouri	 et	al.,	 2007)	and	 is	
connected	 with	 an	 increase	 in	 TdP	 risk	 (Sicouri	 et	 al.,	
2010).

The	electromechanical	coupling	correctly	replicates	the	
APD	prolongation	induced	by	Bay-	K	8644.	Consequently,	
an	increase	in	cytosolic	Ca2+,	and	therefore	an	elevated	ac-
tive	tension	(Figure	5d)	has	also	been	correctly	predicted	
by	 the	 model.	These	 results	 are	 consistent	 with	 positive	
inotropic	 results	 reported	 for	 Bay-	K	 8644	 (Ruan	 et	 al.,	
2016;	 Sicouri	 et	 al.,	 2007).	 Markedly,	 the	 hiPSC-	CM-	CE	
accurately	 predicts	 the	 prolonged	 relaxation	 due	 to	 Bay			
K-	8644	 (negative	 lusitropic	 effect).	 Of	 note,	 an	 essential	
indicator	 for	 proarrhythmic	 cardiotoxicity	 is	 the	 drug-	
induced	upsurge	in	APD90,	the	action	potential	duration	at	
90%	of	its	repolarization	(Mannhardt	et	al.,	2016).	The	Bay			
K-	8644	 results	 simulated	 here,	 which	 follows	 the	 traces	
reported	in vitro	(Figure	5e),	confirm	that	relaxation	time	
RT80	of	hiPSC-	CMs	might	be	a	fit	replacement	parameter	
for	repolarization	time	or	APD90,	as	also	suggested	earlier	
(Mannhardt	et	al.,	2016).

Verapamil	is	a	multichannel	action	compound	block-
ing	 a	 number	 of	 currents,	 namely	 IKr,	 ICaL,	 and	 INaF	
(Kramer	 et	 al.,	 2013).	 Markedly,	 the	 CaT	 is	 mainly	 af-
fected	by	the	ICaL	block	(Figure	5b,c),	leading	to	a	nega-
tive	inotropic	effect	(Figure	5d)	which	is	consistent	with	
experimental	 reports	 of	 inotropic	 effects	 of	 Verapamil	
in	hiPSC-	CMs	(Ruan	et	al.,	2016)	and	hV-	CMs	(Nguyen	
et	al.,	2017).	Notably,	the	depressant	effect	of	Verapamil	
on	myocardial	contractility	pose	a	potential	risk	of	using	
it	for	subjects	having	severe	left	ventricular	dysfunction	
and,	 therefore,	 it	 is	 generally	 prohibited	 in	 such	 cases	
(Margara	 et	 al.,	 2021).	 The	 simulated	 Verapamil	 nega-
tive	inotropic	effect	(Figure	5d	and	Figure	S6)	confirms	
this	risk.

After	contractions	appear	in	cardiac	tissues	and	tra-
beculae	 following	 dofetilide	 administration	 (Nguyen	
et	 al.,	 2017),	 as	 well	 as,	 in	 myocardial	 slices	 contain-
ing	 titin	 and	 collagen	 administered	 with	 isoproterenol	
(Watson	et	al.,	2019).	The	EAD/DAD-	induced	mechan-
ical	response	predicted	by	our	model	(Figure	6)	closely	
matches	the	experimental	findings	reported	for	hV-	CMs	
(Nguyen	 et	 al.,	 2017)	 and	 hiPSC-	CMs	 (Novak	 et	 al.,	
2012).	 This	 makes	 hiPSC-	CM-	CE	 suitable	 to	 be	 the	
baseline	 for	 population-	based	 studies	 aimed	 to	 assess	

F I G U R E  7  Simulated	percent	of	cell	shortenings	(a)	and	
(b)	contraction–	relaxation	velocities	at	different	percents	of	
cardiomyocytes	in	the	engineered	heart	tissue	(ctns),	normalized	
over	the	maximum	value	simulated	for	ctn = 70%
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drug	 cardiotoxic	 effects	 on	 contractility,	 in	 addition	 to	
electrophysiology.

4.3	 |	 Limitations and future works

While	the	model	presented	here	captures	some	of	the	key	
electromechanical	results	of	hiPSC-	CMs,	studying	the	in-
trinsic	 heterogeneity	 of	 myofilaments,	 which	 may	 differ	
in	 different	 known	 morphologies	 of	 hiPSC-	CMs,	 needs	
further	studies	and	simulations.	Furthermore,	the	whole	
system	 has	 been	 implemented	 with	 ordinary	 differen-
tial	 equations	 (ODEs),	 i.e.,	 the	explicit	 considerations	of	
spatial	aspects	have	not	been	considered.	To	maintain	an	
implementable	 system	 of	 ODEs,	 the	 CE	 model	 involves	
approximations.	 However,	 the	 approximations	 consid-
ered	 in	 Ca2+-	based	 myofilament	 activation	 and	 mean	
XB	 strains	 are	 used	 to	 fill	 the	 gap	 due	 to	 spatial	 scales,	
including	 local	 interactions,	 which	 are	 important	 but	
cannot	 be	 explicitly	 modeled	 by	 mean-	field	 approaches.	
The	tension–	SL	relationship	of	the	skinned	version	of	CE	
was	 the	 only	 result	 that	 has	 been	 compared	 against	 the	
experimental	data	of	cat	trabeculae	due	to	the	lack	of	cor-
responding	data	for	hiPSC-	CMs.

Although	 our	 inter-	scale	 analysis	 shows	 that	 the	
hiPSC-	CM-	CE	 model	 accurately	 predicts	 the	 inotropic	
effects	of	non-	cardiomyocytes	in	hiPSC-	CMs	tissues,	it	is	
still	a	simplification	of	the	actual	system	as	accounting	for	
the	 effect	 of	 heterogeneous	 hiPSC-	CMs	 substrates,	 and	
myosin	expression	in	tissues	requires	a	more	comprehen-
sive	modeling	framework.

There	 are	 other	 recent	 ionic	 models	 of	 hiPSC-	CMs	
(Kernik	et	al.,	2019;	Koivumäki	et	al.,	2018)	 for	which	
observing	the	effect	of	 integrating	the	novel	CE	would	
be	 of	 interest,	 as	 the	 three	 models	 were	 already	 com-
pared	 for	 their	 responses	 to	drugs	 in	Paci,	Koivumäki,	
et	al.	(2021).	However,	we	consider	it	out	of	the	scope	of	
this	paper	because	of	the	following	reasons.	The	intra-
cellular	 compartmentalization	 of	 the	 Koivumäki2018	
would	 make	 the	 CE	 integration	 extremely	 complex.	
Conversely,	 the	 Kernik2019  model	 shares	 the	 same	
compartmentalization	of	the	Paci2020 model.	However,	
the	 CE	 integration	 would	 still	 present	 specific	 chal-
lenges	due	to	differences	in	the	Ca2+	handling	between	
the	 Paci2020	 and	 the	 Kernik2019  models.	 The	 lat-
ter	 simulates	 a	 2.5	 times	 higher	 CaT	 peak	 and	 a	 50%	
greater	ICaL	amplitude.	Considering	the	non-	linearity	of	
Ca2+	 cooperation	and	sensitivity	 in	 the	CE,	a	different	
reparameterization	 would	 be	 needed.	 Simply	 adding	
the	 current	 reparameterization	 of	 the	 Rice	 CE	 to	 the	
Kernik2019  model	 would	 just	 result	 in	 an	 electrome-
chanical	model	whose	simulated	results	are	not	consis-
tent	with	experimental	ranges.

5 	 | 	 CONCLUSIONS

Throughout	the	literature,	the	bulk	of	research	in	math-
ematical	modeling	for	cardiomyocytes	has	been	focused	
on	electrophysiology.	Specifically,	excitation–	contraction	
coupling	 in	 the	 myocardium	 or	 the	 association	 of	 the	
electrical	 and	 the	 mechanical	 parties	 has	 garnered	 less	
attention.	 hiPSC-	CMs	 are	 instrumental	 in	 developing	
patient-	specific	 models	 and	 cardiotoxicity	 tests	 at	 the	
cell	 level.	 Therefore,	 we	 have	 proposed	 a	 genuine	 elec-
tromechanical	 hiPSC-	CM	 model	 named	 hiPSC-	CM-	CE.	
Notably,	 fractional	 cell	 shortening,	 contraction	 RT50,	
the	 amplitude	 of	 tension,	 and	 the	 inotropic	 effect	 of	
non-	cardiomyocytes	 have	 been	 recapitulated	 within	
experimental	 ranges	 by	 the	 hiPSC-	CM-	CE.	 Lastly,	 the	
drug-	induced	arrhythmogenic	and	 inotropic	effects	and	
the	 aftercontractions	 due	 to	 triggered	 EADs	 have	 been	
simulated	and	validated	against	experimental	data.	The	
current	model	is	a	capable	tool	for	extensions	and	trans-
lations	of	the	findings	toward	in silico	and	in vitro	in	tis-
sue-		and	organ-	level.
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drug	 cardiotoxic	 effects	 on	 contractility,	 in	 addition	 to	
electrophysiology.

4.3	 |	 Limitations and future works

While	the	model	presented	here	captures	some	of	the	key	
electromechanical	results	of	hiPSC-	CMs,	studying	the	in-
trinsic	 heterogeneity	 of	 myofilaments,	 which	 may	 differ	
in	 different	 known	 morphologies	 of	 hiPSC-	CMs,	 needs	
further	studies	and	simulations.	Furthermore,	the	whole	
system	 has	 been	 implemented	 with	 ordinary	 differen-
tial	 equations	 (ODEs),	 i.e.,	 the	explicit	 considerations	of	
spatial	aspects	have	not	been	considered.	To	maintain	an	
implementable	 system	 of	 ODEs,	 the	 CE	 model	 involves	
approximations.	 However,	 the	 approximations	 consid-
ered	 in	 Ca2+-	based	 myofilament	 activation	 and	 mean	
XB	 strains	 are	 used	 to	 fill	 the	 gap	 due	 to	 spatial	 scales,	
including	 local	 interactions,	 which	 are	 important	 but	
cannot	 be	 explicitly	 modeled	 by	 mean-	field	 approaches.	
The	tension–	SL	relationship	of	the	skinned	version	of	CE	
was	 the	 only	 result	 that	 has	 been	 compared	 against	 the	
experimental	data	of	cat	trabeculae	due	to	the	lack	of	cor-
responding	data	for	hiPSC-	CMs.

Although	 our	 inter-	scale	 analysis	 shows	 that	 the	
hiPSC-	CM-	CE	 model	 accurately	 predicts	 the	 inotropic	
effects	of	non-	cardiomyocytes	in	hiPSC-	CMs	tissues,	it	is	
still	a	simplification	of	the	actual	system	as	accounting	for	
the	 effect	 of	 heterogeneous	 hiPSC-	CMs	 substrates,	 and	
myosin	expression	in	tissues	requires	a	more	comprehen-
sive	modeling	framework.

There	 are	 other	 recent	 ionic	 models	 of	 hiPSC-	CMs	
(Kernik	et	al.,	2019;	Koivumäki	et	al.,	2018)	 for	which	
observing	the	effect	of	 integrating	the	novel	CE	would	
be	 of	 interest,	 as	 the	 three	 models	 were	 already	 com-
pared	 for	 their	 responses	 to	drugs	 in	Paci,	Koivumäki,	
et	al.	(2021).	However,	we	consider	it	out	of	the	scope	of	
this	paper	because	of	the	following	reasons.	The	intra-
cellular	 compartmentalization	 of	 the	 Koivumäki2018	
would	 make	 the	 CE	 integration	 extremely	 complex.	
Conversely,	 the	 Kernik2019  model	 shares	 the	 same	
compartmentalization	of	the	Paci2020 model.	However,	
the	 CE	 integration	 would	 still	 present	 specific	 chal-
lenges	due	to	differences	in	the	Ca2+	handling	between	
the	 Paci2020	 and	 the	 Kernik2019  models.	 The	 lat-
ter	 simulates	 a	 2.5	 times	 higher	 CaT	 peak	 and	 a	 50%	
greater	ICaL	amplitude.	Considering	the	non-	linearity	of	
Ca2+	 cooperation	and	sensitivity	 in	 the	CE,	a	different	
reparameterization	 would	 be	 needed.	 Simply	 adding	
the	 current	 reparameterization	 of	 the	 Rice	 CE	 to	 the	
Kernik2019  model	 would	 just	 result	 in	 an	 electrome-
chanical	model	whose	simulated	results	are	not	consis-
tent	with	experimental	ranges.

5 	 | 	 CONCLUSIONS

Throughout	the	literature,	the	bulk	of	research	in	math-
ematical	modeling	for	cardiomyocytes	has	been	focused	
on	electrophysiology.	Specifically,	excitation–	contraction	
coupling	 in	 the	 myocardium	 or	 the	 association	 of	 the	
electrical	 and	 the	 mechanical	 parties	 has	 garnered	 less	
attention.	 hiPSC-	CMs	 are	 instrumental	 in	 developing	
patient-	specific	 models	 and	 cardiotoxicity	 tests	 at	 the	
cell	 level.	 Therefore,	 we	 have	 proposed	 a	 genuine	 elec-
tromechanical	 hiPSC-	CM	 model	 named	 hiPSC-	CM-	CE.	
Notably,	 fractional	 cell	 shortening,	 contraction	 RT50,	
the	 amplitude	 of	 tension,	 and	 the	 inotropic	 effect	 of	
non-	cardiomyocytes	 have	 been	 recapitulated	 within	
experimental	 ranges	 by	 the	 hiPSC-	CM-	CE.	 Lastly,	 the	
drug-	induced	arrhythmogenic	and	 inotropic	effects	and	
the	 aftercontractions	 due	 to	 triggered	 EADs	 have	 been	
simulated	and	validated	against	experimental	data.	The	
current	model	is	a	capable	tool	for	extensions	and	trans-
lations	of	the	findings	toward	in silico	and	in vitro	in	tis-
sue-		and	organ-	level.
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Altered contractility in
mutation-specific hypertrophic
cardiomyopathy: A
mechano-energetic in silico
study with pharmacological
insights

Mohamadamin Forouzandehmehr*, Michelangelo Paci,
Jussi T Koivumäki and Jari Hyttinen

Faculty of Medicine and Health Technology, Tampere University, Tampere, Finland

Introduction: Mavacamten (MAVA), Blebbistatin (BLEB), and Omecamtiv mecarbil

(OM) are promising drugs directly targeting sarcomere dynamics, with

demonstrated efficacy against hypertrophic cardiomyopathy (HCM) in (pre)

clinical trials. However, the molecular mechanism affecting cardiac contractility

regulation, and the diseased cell mechano-energetics are not fully understood yet.

Methods: We present a new metabolite-sensitive computational model of

human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)

electromechanics to investigate the pathology of R403Q HCM mutation and

the effect of MAVA, BLEB, and OM on the cell mechano-energetics.

Results:Weoffer a mechano-energetic HCM calibration of themodel, capturing

the prolonged contractile relaxation due to R403Q mutation (~33%), without

assuming any further modifications such as an additional Ca2+ flux to the thin

filaments. The HCM model variant correctly predicts the negligible alteration in

ATPase activity in R403Q HCM condition compared to normal hiPSC-CMs. The

simulated inotropic effects of MAVA, OM, and BLEB, along with the ATPase

activities in the control and HCM model variant agree with in vitro results from

different labs. The proposed model recapitulates the tension-Ca2+ relationship

and action potential duration change due to 1 µM OM and 5 µM BLEB,

consistently with in vitro data. Finally, our model replicates the experimental

dose-dependent effect of OM and BLEB on the normalized isometric tension.

Conclusion: This work is a step toward deep-phenotyping themutation-specific

HCM pathophysiology, manifesting as altered interfilament kinetics. Accordingly,

the modeling efforts lend original insights into the MAVA, BLEB, and OM

contributions to a new interfilament balance resulting in a cardioprotective effect.

KEYWORDS

in silico modeling, human stem cell-derived cardiomyocyte, action potential, immature
cardiomyocytes, cardiac metabolism, hypertrophic cardiomyopathy, pharmacology
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Introduction: Mavacamten (MAVA), Blebbistatin (BLEB), and Omecamtiv mecarbil

(OM) are promising drugs directly targeting sarcomere dynamics, with

demonstrated efficacy against hypertrophic cardiomyopathy (HCM) in (pre)

clinical trials. However, the molecular mechanism affecting cardiac contractility

regulation, and the diseased cell mechano-energetics are not fully understood yet.

Methods: We present a new metabolite-sensitive computational model of

human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)

electromechanics to investigate the pathology of R403Q HCM mutation and

the effect of MAVA, BLEB, and OM on the cell mechano-energetics.

Results:Weoffer a mechano-energetic HCM calibration of themodel, capturing

the prolonged contractile relaxation due to R403Q mutation (~33%), without

assuming any further modifications such as an additional Ca2+ flux to the thin

filaments. The HCM model variant correctly predicts the negligible alteration in

ATPase activity in R403Q HCM condition compared to normal hiPSC-CMs. The

simulated inotropic effects of MAVA, OM, and BLEB, along with the ATPase

activities in the control and HCM model variant agree with in vitro results from

different labs. The proposed model recapitulates the tension-Ca2+ relationship

and action potential duration change due to 1 µM OM and 5 µM BLEB,

consistently with in vitro data. Finally, our model replicates the experimental

dose-dependent effect of OM and BLEB on the normalized isometric tension.

Conclusion: This work is a step toward deep-phenotyping themutation-specific

HCM pathophysiology, manifesting as altered interfilament kinetics. Accordingly,

the modeling efforts lend original insights into the MAVA, BLEB, and OM

contributions to a new interfilament balance resulting in a cardioprotective effect.
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Introduction

With a prevalence ranging from of 1/500 to 1/200 (Semsarian

et al., 2015; Malhotra and Sharma, 2017), HCM represents the

most prevalent genetic cardiac disorder mainly associated with

pathogenic variants in sarcomere protein genes (Santini et al.,

2020). Pathologies such as myocardium hypercontractility

(Sarkar et al., 2020), impaired relaxation (Toepfer et al., 2020),

elevated cardiac energy consumption, diastolic dysfunction,

arrhythmogenesis, and heart failure (Sarkar et al., 2020)

manifest due to such variants. The driver of the cyclic

interactions between thin and thick filaments is the ATP

hydrolysis by myosin-the enzymatic motor of sarcomere

(Spudich, 2014). In HCM, myosin binding protein C and

adult cardiac myosin isoforms (primarily encoded by

MYBPS3 and MYH7 genes, respectively) host most of these

pathogenic variants in sarcomere (Ho et al., 2018; Toepfer et al.,

2019; Schmid and Toepfer, 2021).

Mavacamten (MAVA), Blebbistatin (BLEB), and Omecamtiv

mecarbil (OM) are compounds directly modulating myofilament

dynamics with promising effectiveness in treatment of

sarcomeric cardiomyopathies. MAVA is an allosteric inhibitor

of cardiac myosin ATPase with a negative inotropic effect and

demonstrating efficacy in R403Q HCM clinical trials (Green

et al., 2016; Santini et al., 2020). BLEB, a well characterized

ATPase inhibitor, alters the Ca2+ sensitivity of the myofilament

and has been widely used in trials (Kampourakis et al., 2018;

Rahman et al., 2018; Wang et al., 2018; Gyimesi et al., 2021). OM

is a recently developed myosin ATPase activator with a positive

inotropic effect enhancing cardiac contractility (Tsukamoto,

2019).

The mechanisms of action of these drugs and their effects on

cardiomyocyte electro-mechano-energetics are still to be fully

known and under active research (Tsukamoto, 2019; Santini

et al., 2020). Accordingly, computational studies on the effects of

these drugs are mostly lacking. Focusing on R403Q HCM

mutation, Margara et al. (2021) investigated the efficacy of

MAVA, simulating the tension-Ca2+ relationship and active

tension curves. They hypothesized that the impaired tension

relaxation phase is caused by feedback from crossbridge (XB)

cycling to the thin filament. Although this assumption results in

consistent simulated impaired tension relaxation, the proposed

MAVAmechanism of action coupled with a lack of a metabolite-

sensitive mechanism in the contractile element (CE) urged us to

investigate further the cause of this impairment. On the other

hand, in silico models have been employed to probe the effect of

BLEB beside animal muscle fibre experiments (Rahman et al.,

2018), highlighting the role of BLEB in shifting the rate-limiting

momentum from weakly to strongly bound states in XB cycling

(Rahman et al., 2018). Finally, as an ion channel study, the effect

of OM has been simulated using an in silico model of human

ventricular action potential (AP) focusing on pro-arrhythmic

assessments (Qu et al., 2021). Of note, Qu et al. report an IC50 of

125.5 µM highlighting the significance of OM influence on the

CE in 1–10 µM of OM compared with channel blocking

formalism (Qu et al., 2021). In summary, to the best of our

knowledge, no computational study has reported experimentally

validated drug-induced Ca2+ sensitivity, ATPase dynamics, and

dose-dependent effect of MAVA, BLEB, and OM on the tension-

Ca2+ relationship, regarding the HCM pathophysiology. This

coupled with the facts that these compounds are essentially

myosin ATPase activators/inhibitors necessitate studying the

drug effects using advanced metabolite-sensitive models. In

addition, HCM mutations misregulate sarcomere function and

cardiac energy consumption (van der Velden et al., 2018). This

further highlights the need for a model that enables capturing the

electro-mechano-energetics in pathophysiological investigations.

Here, we investigate the pathophysiology of HCM R403Q

myosin mutation using a computational metabolite-sensitive

model of hiPSC-CMs electromechanics developed based on

ordinary differential equations (ODEs). This model, named

hiMCE, is an update of our previous model of hiPSC-CM

electromechanics (Forouzandehmehr et al., 2021) capturing

ATPase activity and accounting for metabolite-sensitive

kinetics (Figure 1) in the XB cycling and extending the

capacity of models of the molecular mechanism of contraction

and the drug effect predictions. The drugs studied here are

modulators of myofilament dynamics, we reparametrized the

CE of the model using available experimental data and presented

novel mechanistic methods to simulate the effect of MAVA, OM,

and BLEB on the Ca2+ sensitivity, contractility, and energetics of

the hiPSC-CMs.

Methods

Extension to a metabolite-sensitive
contractile element

We previously integrated a reparametrized mathematical

model of the CE by Rice et al. (2008) with a new passive

force handling into the hiPSC-CM model of electrophysiology

by Paci et al. (2020) and studied the inotropic effect of different

compounds (Forouzandehmehr et al., 2021). Based on (Rice et al.

(2008) CE, Tran et al. (2017) introduced amathematical model of

a CE that incorporated metabolic-sensitivity. This was achieved

by extending themodel by Rice et al. (2008), with new parameters

that account for the competitive binding of metabolic protons

(H+) to the binding sites of Ca2+ on troponin C, and incorporates

the binding kinetics of MgADP in the XB cycling (Figure 1). The

extended mechanistic description divides the strongly bound

state post isomerized rotation (XBpstR) into two substates in

rapid equilibrium, AM1 and AM2, to capture MgADP binding

kinetics in the XBs (Figure 1).

The thermodynamically constrained model of XB kinetics and
Ca2+ activation is divided into four states including a non-permissive
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(NXB), a permissive (PXB), a pre power stroke state (XBpreR), and a
post power stroke state (XBpstR) (Figure 1) (Tran et al., 2017). XBpreR
and XBpstR states both denote the state of strongly bound myosin
heads to the actins (Rice et al., 2008; Tran et al., 2017). In diastole,
XBs are in NXB state and when activated by Ca

2+ XBs enter PXB state
where they can participate in the binding and unbinding of myosin
heads and processes of tension generation (Figure 1) (Tran et al.,
2017). The active tension produced as the result of the process is
equal to the product ofmyosin head strain and strongly bound states
fractional occupancy (Tran et al., 2017).

In the present work, we have taken this metabolite-sensitive CE

model proposed by Tran et al. (2017), andmodified it to incorporate

active contraction mechanisms integrated with the Paci2020 model

of hiPSC-CMs electrophysiology (Paci et al., 2020). This extended

CE model was manually tuned using the information from a

previous sensitivity analysis of the contractile machinery

(Forouzandehmehr et al., 2021) (Table 1). We calibrated the

model to capture the AP, CaT, and contractile experimental

biomarkers measured in hiPSC-CMs in control conditions, listed

in Table 6.

This calibrated control/healthymodel variant was thenmodified

to describe an HCM mutation and the effect of pharmaceutical

mechanical modulators, and in sections 2.2 and 2.3, we explain the

tuning of the relevant CE parameters for each scenario. To enlighten

the role of these parameters, we describe the XB kinetics (Tran et al.,

2010) as follows in relation to Figure 1:

d

dt
PXB � knpt × NXB + ap3 × XBpstR + am1 × XBpreR − (kpnt

+ ap1 + am3) × PXB

(1)
d

dt
XBpreR � ap1 × F1 × PXB − am1 × F2 × XBpreR

− ap2 × XBpreR + am2 × XBpstR (2)
d

dt
XBpstR � am3 × PXB + ap2 × XBpreR

− (am2 + ap3) × XBpstR (3)
NXB � 1 − (PXB +XBpreR +XBpstR) (4)

where knpt and kpnt are transition rates between NXB and PXB

and responsible for XB cycling activation (Rice et al., 2008).

am1 takes into account the Pi-dependent transition rate in the

XB and has been defined in (Tran et al., 2010). ap1 is equal to

the attachment rate to XBpreR (Tran et al., 2010) which is

given as:

fap × xbmodsp × Qf((Tmpc−37)/10)
ap (5)

FIGURE 1
Schematics of the interfilament coupling in cardiac force generation (A) themodelled crossbridge (XB) cycling used in hiMCEmodel (B), and the
schematic of hiPSC-CM cell main functional components (C). DRX: Disturbed relax state. SRX: Super relaxed state. T: troponin, TCa: Ca2+ bound
troponin, NXB: non-permissive state preventing XB formation, PXB: permissive state of XB formation, XBpreR: strongly bound XB before isomerised
rotation, XBpstR: XB in strongly bound post isomerised rotation state, AM1 and AM2 are strongly-bound rapid equilibrium substates contributing
equally to the force generation and we assumed MgADP binds to AM1 (Tran et al., 2010).
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(Spudich, 2014). In HCM, myosin binding protein C and
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coupled with the facts that these compounds are essentially
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hiMCE, is an update of our previous model of hiPSC-CM
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kinetics (Figure 1) in the XB cycling and extending the

capacity of models of the molecular mechanism of contraction

and the drug effect predictions. The drugs studied here are

modulators of myofilament dynamics, we reparametrized the

CE of the model using available experimental data and presented

novel mechanistic methods to simulate the effect of MAVA, OM,

and BLEB on the Ca2+ sensitivity, contractility, and energetics of

the hiPSC-CMs.

Methods

Extension to a metabolite-sensitive
contractile element

We previously integrated a reparametrized mathematical

model of the CE by Rice et al. (2008) with a new passive

force handling into the hiPSC-CM model of electrophysiology

by Paci et al. (2020) and studied the inotropic effect of different

compounds (Forouzandehmehr et al., 2021). Based on (Rice et al.

(2008) CE, Tran et al. (2017) introduced amathematical model of

a CE that incorporated metabolic-sensitivity. This was achieved

by extending themodel by Rice et al. (2008), with new parameters

that account for the competitive binding of metabolic protons

(H+) to the binding sites of Ca2+ on troponin C, and incorporates

the binding kinetics of MgADP in the XB cycling (Figure 1). The

extended mechanistic description divides the strongly bound

state post isomerized rotation (XBpstR) into two substates in

rapid equilibrium, AM1 and AM2, to capture MgADP binding

kinetics in the XBs (Figure 1).

The thermodynamically constrained model of XB kinetics and
Ca2+ activation is divided into four states including a non-permissive
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(NXB), a permissive (PXB), a pre power stroke state (XBpreR), and a
post power stroke state (XBpstR) (Figure 1) (Tran et al., 2017). XBpreR
and XBpstR states both denote the state of strongly bound myosin
heads to the actins (Rice et al., 2008; Tran et al., 2017). In diastole,
XBs are in NXB state and when activated by Ca

2+ XBs enter PXB state
where they can participate in the binding and unbinding of myosin
heads and processes of tension generation (Figure 1) (Tran et al.,
2017). The active tension produced as the result of the process is
equal to the product ofmyosin head strain and strongly bound states
fractional occupancy (Tran et al., 2017).

In the present work, we have taken this metabolite-sensitive CE

model proposed by Tran et al. (2017), andmodified it to incorporate

active contraction mechanisms integrated with the Paci2020 model

of hiPSC-CMs electrophysiology (Paci et al., 2020). This extended

CE model was manually tuned using the information from a

previous sensitivity analysis of the contractile machinery

(Forouzandehmehr et al., 2021) (Table 1). We calibrated the

model to capture the AP, CaT, and contractile experimental

biomarkers measured in hiPSC-CMs in control conditions, listed

in Table 6.

This calibrated control/healthymodel variant was thenmodified

to describe an HCM mutation and the effect of pharmaceutical

mechanical modulators, and in sections 2.2 and 2.3, we explain the

tuning of the relevant CE parameters for each scenario. To enlighten

the role of these parameters, we describe the XB kinetics (Tran et al.,

2010) as follows in relation to Figure 1:

d

dt
PXB � knpt × NXB + ap3 × XBpstR + am1 × XBpreR − (kpnt

+ ap1 + am3) × PXB

(1)
d

dt
XBpreR � ap1 × F1 × PXB − am1 × F2 × XBpreR

− ap2 × XBpreR + am2 × XBpstR (2)
d

dt
XBpstR � am3 × PXB + ap2 × XBpreR

− (am2 + ap3) × XBpstR (3)
NXB � 1 − (PXB +XBpreR +XBpstR) (4)

where knpt and kpnt are transition rates between NXB and PXB

and responsible for XB cycling activation (Rice et al., 2008).

am1 takes into account the Pi-dependent transition rate in the

XB and has been defined in (Tran et al., 2010). ap1 is equal to

the attachment rate to XBpreR (Tran et al., 2010) which is

given as:

fap × xbmodsp × Qf((Tmpc−37)/10)
ap (5)

FIGURE 1
Schematics of the interfilament coupling in cardiac force generation (A) themodelled crossbridge (XB) cycling used in hiMCEmodel (B), and the
schematic of hiPSC-CM cell main functional components (C). DRX: Disturbed relax state. SRX: Super relaxed state. T: troponin, TCa: Ca2+ bound
troponin, NXB: non-permissive state preventing XB formation, PXB: permissive state of XB formation, XBpreR: strongly bound XB before isomerised
rotation, XBpstR: XB in strongly bound post isomerised rotation state, AM1 and AM2 are strongly-bound rapid equilibrium substates contributing
equally to the force generation and we assumed MgADP binds to AM1 (Tran et al., 2010).
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fap value is set to 500 s−1 and Qfap is the temperature-

dependence set to 6.25 (Rice et al., 2008), in this work. xbmodsp

(species-dependent XB cycling rate scaler (Rice et al., 2008))

value is given in Table 1. am3 denotes a thermodynamically

constrained transition rate from PXB to XBpstR state accounting

forMgATP release when themyosin heads transit fromweakly to

strongly attached XB states detailed in (Tran et al., 2010). ap3 is

the MgADP andMgATP-sensitive transition rate fromXBpstR to

PXB (Tran et al., 2010) and is calculated as:

ap3 � [MgATP] × gxbt
′ × ( kdADP +MgADP*

kdADP + [MgADP]) (6)

Where MgADP* denotes the reference (physiological)

concentration of MgADP of 36 µM and kdADP is the MgADP

TABLE 1 The values of the contractile element parameters for hiPSC-
CM-CE (Forouzandehmehr et al., 2021) and hiMCE. F1 and
F2 represent DRX:SRX/(DRX:SRX)control ratio in the XB cycling. Kon, Knp

and Kpn are rate constants for Ca2+ binding to troponin, the forward
and backward transition rates between Pxb and Nxb states,
respectively (Rice et al., 2008). Nperm and perm50 denote the Hill
coefficient and the half-activation constant, respectively,
describing the nonlinearity of the cooperativity in Ca2+ activation
of XBs (Rice et al., 2008). KoffL and KoffH represent the rate
constants affecting Ca2+ unbinding from low and high affinity sites
on troponin, respectively (Rice et al., 2008). M denotes the mass
term in the model of sarcomere by Rice et al. (Rice et al., 2008).
Kxb represents the tension scaler detailed in (Forouzandehmehr
et al., 2021). Xbmodsp is a species-dpendent XB cycling rate scaler
(Rice et al., 2008). Hf denotes the rate constant in the forward
transition between XBpreR and XBpstR (Rice et al., 2008).

# Parameter hiPSC-CM-CE hiMCE (control mode)

1 F1 1 1

2 F2 1 1

3 Kon (s−1 mM−1) 62.5×103 62.5×103

4 KoffL (s−1) 200 200

5 KoffH (s−1) 25 25

6 perm50 0.6 0.6

7 nperm 11.28 11.55

8 Knp (s−1) 550 550

9 Kpn (s−1) 50 50

10 Koffmod 0.5 0.5

11 m (s2 µm−1) 2 × 10–5 2 × 10–5

12 kxb 12 13.1

14 xbmodsp 0.2 0.2

15 hf (s
−1) 2000 2000

TABLE 2 The parameter used in theHCMmodel variant. Pi_ref denotes
the reference value for inorganic phosphate (Pi) in the simulations.
Ap2 is a variable influencing detachment of crossbridges. F1 and
F2 are coefficients affecting pre-rotational states in XB cycling as also
used in (Margara et al., 2021).

# Parameter Control value Value in HCM model
variant

1 Pi_ref (mM) 2 18.9

2 MgADP (mM) 36 × 10–3 72 × 10–3

3 ap2 coef 1 0.315

4 F1 1 1.3

5 F2 1 1.3

TABLE 3Modifications to themodel parameters to simulate the effect
of Mavacamten. A, B, C, D, and E are coefficients in Eqs 15–19
affecting PXB-XBPreR regulation, Pi-dependent transition in PXB-
XBPreR, XBpreR-XBpostR regulation, Proton-dependent transition in
XBpostR-XBpreR, and MgATP-dependent transition from XBpostR-
PXB, respectively. BL is the baseline value given in Table 1. Default
values of A-E, ap1 and ap3 coefs., F1 and F2 are equal to 1.

# Parameter Values
in 0.5 µM MAVA

1 Kon (mM−1 s−1) BL × 1.048

2 nperm BL × 0.688

3 A 0.26

4 B 0.4

5 C 5.4

6 D 0.4

7 E 2.39

8 ap1 coef 1.45

9 ap3 coef 0.28

10 F1 0.1

11 F2 0.1

TABLE 4 The modifications to the parameters to simulate the effects
of BLEB and OM. BL: Baseline values of hiMCE model given in
Table 1.

# Parameter Modifications
for 5 µM BLEB

Modifications
for 1 µM OM

1 F1 5.015 4.1

2 F2 0.1 0.1

3 Tropreg coef 0.2 0.2

4 ap2 coef 0.012 0.02

5 ap3 coef 0.03 0.03

6 am2 coef 0.25 0.15

7 Kon (mM−1 s−1) - BL × 1.28

8 nperm - BL × 1.182

9 perm50 BL × 1.33 BL × 1.33

10 Kpn (s−1) - BL × 0.2

11 Knp (s−1) - BL × 1.182

12 Koffmod - BL × 0.52

13 KoffL (s−1) - BL × 1.75

14 KoffH (s−1) - BL × 0.6

15 hf (s
−1) - BL × 2
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dissociation constant detailed in (Tran et al., 2010). gxbt
′ denotes a

first order rate constant tuned by Tran et al. (2010) to maintain

the validity of original Rice CE model (Rice et al., 2008) under

physiological metabolic conditions regarding MgADP kinetics

detailed in. am2 is equal to the transition from XBpstR to XBpreR

which is proton and MgADP-sensitive (Tran et al., 2010):

am2 � hbt
′ × [H+] × (kdADP +MgADP*

MgADP*
×

[MgATP]
kdADP + [MgADP])

(7)
Again, hbt′ represents the adjustment of the rate constant affecting

the transition between XBpreR and XBpstR states to include

physiological proton and MgADP dependent effects further

detailed in (Tran et al., 2010). Following the method proposed

in (Margara et al., 2021), we defined F1 and F2 (Eq. (2)) as

modulators of the transition between permissive binding state on

actin (PXB) and strongly bound XBs before isomerized rotation

(XBpreR). In our model, F1 and F2 represent the (DRX:SRX)/

(DRX:SRX)control ratio (=1 in control mode) and indirectly affect

the ATPase dynamics (Figure 1). ap2 is equal to the forward

transition rate between XBpreR and XBpstR, which is defined as

(Rice et al., 2008):

hf × hfmd × xbmodsp × Q((Tmpc−37)/10)
hf (8)

hfmd � e
(−sign(xXBpreR)×hfmdc×(xXBpreR

x0
)
2

)
(9)

The value for hf is given in Table 1. Qhf represents the

temperature dependence, here set to 6.25. hfmd incorporates

strain dependence into the forward transition rate, hfT. hfmdc

is set to five and specifies the extent towhich the isomerization rate is

influenced by the mean strain of XBpreR (xXBpreR). x0 is the mean

strain (distortion) of XBpstR state when the netmotion between actin

and myosin filaments is absent. Here, x0 is set to 0.007 µm.

TABLE 5 The experimental data used for calibration of the model and validation of the simulated results.

Type Experiment Cell/tissue
type

Observation Figure/
Table

Preparation data

Calibration Toepfer et al. (2020) hiPSC-CMs 33% increase of tension relaxation in
R403Q

Figure 3C hiPSC-CM cell lines at day 30 post-differentiation

Corrected tension relaxation due to
MAVA in R403Q

The fractional cell shortening in
R403Q

Figure 3F

(Green et al. (2016);
Toepfer et al. (2020))

hiPSC-CMs,
Murine

Reduction in fractional cell
shortening due to MAVA

Figure 3F hiPSC-CM cell lines at day 30 post-differentiation,
isolated adult rat ventricular cardiomyocytes treated
with increasing concentrations of MAVA

(Green et al. (2016);
Awinda et al. (2020))

Murine, Human Reduction in maximum tension due
to MAVA

Figure 3C Isolated adult rat ventricular cardiomyocytes,
skinned human myocardial strips

Kampourakis et al.
(2018)

Rat Change in pCa50, Hill coefficient,
and maximum tension due to OM
and BLEB

Table 7 and
Figure 4A

Demembranated rat ventricular trabeculae

OM and BLEB dose-dependent
contractile response

Figures 4D,E

Validation Sewanan et al. (2019) hiPSC-CMs The unaffected CaT in R403Q Figure 3B Engineered heart tissues made of hiPSC-CMs on
decellularized porcine left ventricular tissue blocks

(Nag et al. (2015); Sarkar
et al. (2020))

Human,
hiPSC-CMs

Negligible change in ATPase in
R403Q

Figure 3D Human β-cardiac myosin

Green et al. (2016) Murine Unchanged CaT and pCa50 in
Tension-pCa curve due to MAVA

Figure 3B,
Fig. S1

Isolated adult rat ventricular cardiomyocytes

Rohde et al. (2018) Human, Porcine,
Bovine, and
Murine

Reduction in ATPase rate due to
MAVA

Figure 3D Human β-cardiac myosin, Porcine and Bovine
ventricular myosin, mouse cardiac myofibrilsKawas et al. (2017)

Green et al. (2016)

Gollapudi et al. (2021)

Kawas et al. (2017) Human & Bovine Slowed relaxation in ATPase rate
due to MAVA

Figure 3D Human and bovine cardiac myosins

Szentandrassy et al.
(2016)

Canine Change in APD due to 1 µM OM Figure 5A Left ventricular single canine myocytes

(Bakkehaug et al. (2015);
Utter et al. (2015))

Murine Porcine ATPase basal value increase due
to OM

Figure 5B Ex vivo mouse and in vivo pig hearts
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fap value is set to 500 s−1 and Qfap is the temperature-

dependence set to 6.25 (Rice et al., 2008), in this work. xbmodsp

(species-dependent XB cycling rate scaler (Rice et al., 2008))

value is given in Table 1. am3 denotes a thermodynamically

constrained transition rate from PXB to XBpstR state accounting

forMgATP release when themyosin heads transit fromweakly to

strongly attached XB states detailed in (Tran et al., 2010). ap3 is

the MgADP andMgATP-sensitive transition rate fromXBpstR to

PXB (Tran et al., 2010) and is calculated as:

ap3 � [MgATP] × gxbt
′ × ( kdADP +MgADP*

kdADP + [MgADP]) (6)

Where MgADP* denotes the reference (physiological)

concentration of MgADP of 36 µM and kdADP is the MgADP

TABLE 1 The values of the contractile element parameters for hiPSC-
CM-CE (Forouzandehmehr et al., 2021) and hiMCE. F1 and
F2 represent DRX:SRX/(DRX:SRX)control ratio in the XB cycling. Kon, Knp

and Kpn are rate constants for Ca2+ binding to troponin, the forward
and backward transition rates between Pxb and Nxb states,
respectively (Rice et al., 2008). Nperm and perm50 denote the Hill
coefficient and the half-activation constant, respectively,
describing the nonlinearity of the cooperativity in Ca2+ activation
of XBs (Rice et al., 2008). KoffL and KoffH represent the rate
constants affecting Ca2+ unbinding from low and high affinity sites
on troponin, respectively (Rice et al., 2008). M denotes the mass
term in the model of sarcomere by Rice et al. (Rice et al., 2008).
Kxb represents the tension scaler detailed in (Forouzandehmehr
et al., 2021). Xbmodsp is a species-dpendent XB cycling rate scaler
(Rice et al., 2008). Hf denotes the rate constant in the forward
transition between XBpreR and XBpstR (Rice et al., 2008).

# Parameter hiPSC-CM-CE hiMCE (control mode)

1 F1 1 1

2 F2 1 1

3 Kon (s−1 mM−1) 62.5×103 62.5×103

4 KoffL (s−1) 200 200

5 KoffH (s−1) 25 25

6 perm50 0.6 0.6

7 nperm 11.28 11.55

8 Knp (s−1) 550 550

9 Kpn (s−1) 50 50

10 Koffmod 0.5 0.5

11 m (s2 µm−1) 2 × 10–5 2 × 10–5

12 kxb 12 13.1

14 xbmodsp 0.2 0.2

15 hf (s
−1) 2000 2000

TABLE 2 The parameter used in theHCMmodel variant. Pi_ref denotes
the reference value for inorganic phosphate (Pi) in the simulations.
Ap2 is a variable influencing detachment of crossbridges. F1 and
F2 are coefficients affecting pre-rotational states in XB cycling as also
used in (Margara et al., 2021).

# Parameter Control value Value in HCM model
variant

1 Pi_ref (mM) 2 18.9

2 MgADP (mM) 36 × 10–3 72 × 10–3

3 ap2 coef 1 0.315

4 F1 1 1.3

5 F2 1 1.3

TABLE 3Modifications to themodel parameters to simulate the effect
of Mavacamten. A, B, C, D, and E are coefficients in Eqs 15–19
affecting PXB-XBPreR regulation, Pi-dependent transition in PXB-
XBPreR, XBpreR-XBpostR regulation, Proton-dependent transition in
XBpostR-XBpreR, and MgATP-dependent transition from XBpostR-
PXB, respectively. BL is the baseline value given in Table 1. Default
values of A-E, ap1 and ap3 coefs., F1 and F2 are equal to 1.

# Parameter Values
in 0.5 µM MAVA

1 Kon (mM−1 s−1) BL × 1.048

2 nperm BL × 0.688

3 A 0.26

4 B 0.4

5 C 5.4

6 D 0.4

7 E 2.39

8 ap1 coef 1.45

9 ap3 coef 0.28

10 F1 0.1

11 F2 0.1

TABLE 4 The modifications to the parameters to simulate the effects
of BLEB and OM. BL: Baseline values of hiMCE model given in
Table 1.

# Parameter Modifications
for 5 µM BLEB

Modifications
for 1 µM OM

1 F1 5.015 4.1

2 F2 0.1 0.1

3 Tropreg coef 0.2 0.2

4 ap2 coef 0.012 0.02

5 ap3 coef 0.03 0.03

6 am2 coef 0.25 0.15

7 Kon (mM−1 s−1) - BL × 1.28

8 nperm - BL × 1.182

9 perm50 BL × 1.33 BL × 1.33

10 Kpn (s−1) - BL × 0.2

11 Knp (s−1) - BL × 1.182

12 Koffmod - BL × 0.52

13 KoffL (s−1) - BL × 1.75

14 KoffH (s−1) - BL × 0.6

15 hf (s
−1) - BL × 2
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dissociation constant detailed in (Tran et al., 2010). gxbt
′ denotes a

first order rate constant tuned by Tran et al. (2010) to maintain

the validity of original Rice CE model (Rice et al., 2008) under

physiological metabolic conditions regarding MgADP kinetics

detailed in. am2 is equal to the transition from XBpstR to XBpreR

which is proton and MgADP-sensitive (Tran et al., 2010):

am2 � hbt
′ × [H+] × (kdADP +MgADP*

MgADP*
×

[MgATP]
kdADP + [MgADP])

(7)
Again, hbt′ represents the adjustment of the rate constant affecting

the transition between XBpreR and XBpstR states to include

physiological proton and MgADP dependent effects further

detailed in (Tran et al., 2010). Following the method proposed

in (Margara et al., 2021), we defined F1 and F2 (Eq. (2)) as

modulators of the transition between permissive binding state on

actin (PXB) and strongly bound XBs before isomerized rotation

(XBpreR). In our model, F1 and F2 represent the (DRX:SRX)/

(DRX:SRX)control ratio (=1 in control mode) and indirectly affect

the ATPase dynamics (Figure 1). ap2 is equal to the forward

transition rate between XBpreR and XBpstR, which is defined as

(Rice et al., 2008):

hf × hfmd × xbmodsp × Q((Tmpc−37)/10)
hf (8)

hfmd � e
(−sign(xXBpreR)×hfmdc×(xXBpreR

x0
)
2

)
(9)

The value for hf is given in Table 1. Qhf represents the

temperature dependence, here set to 6.25. hfmd incorporates

strain dependence into the forward transition rate, hfT. hfmdc

is set to five and specifies the extent towhich the isomerization rate is

influenced by the mean strain of XBpreR (xXBpreR). x0 is the mean

strain (distortion) of XBpstR state when the net motion between actin

and myosin filaments is absent. Here, x0 is set to 0.007 µm.

TABLE 5 The experimental data used for calibration of the model and validation of the simulated results.

Type Experiment Cell/tissue
type

Observation Figure/
Table

Preparation data

Calibration Toepfer et al. (2020) hiPSC-CMs 33% increase of tension relaxation in
R403Q

Figure 3C hiPSC-CM cell lines at day 30 post-differentiation

Corrected tension relaxation due to
MAVA in R403Q

The fractional cell shortening in
R403Q

Figure 3F

(Green et al. (2016);
Toepfer et al. (2020))

hiPSC-CMs,
Murine

Reduction in fractional cell
shortening due to MAVA

Figure 3F hiPSC-CM cell lines at day 30 post-differentiation,
isolated adult rat ventricular cardiomyocytes treated
with increasing concentrations of MAVA

(Green et al. (2016);
Awinda et al. (2020))

Murine, Human Reduction in maximum tension due
to MAVA

Figure 3C Isolated adult rat ventricular cardiomyocytes,
skinned human myocardial strips

Kampourakis et al.
(2018)

Rat Change in pCa50, Hill coefficient,
and maximum tension due to OM
and BLEB

Table 7 and
Figure 4A

Demembranated rat ventricular trabeculae

OM and BLEB dose-dependent
contractile response

Figures 4D,E

Validation Sewanan et al. (2019) hiPSC-CMs The unaffected CaT in R403Q Figure 3B Engineered heart tissues made of hiPSC-CMs on
decellularized porcine left ventricular tissue blocks

(Nag et al. (2015); Sarkar
et al. (2020))

Human,
hiPSC-CMs

Negligible change in ATPase in
R403Q

Figure 3D Human β-cardiac myosin

Green et al. (2016) Murine Unchanged CaT and pCa50 in
Tension-pCa curve due to MAVA

Figure 3B,
Fig. S1

Isolated adult rat ventricular cardiomyocytes

Rohde et al. (2018) Human, Porcine,
Bovine, and
Murine

Reduction in ATPase rate due to
MAVA

Figure 3D Human β-cardiac myosin, Porcine and Bovine
ventricular myosin, mouse cardiac myofibrilsKawas et al. (2017)

Green et al. (2016)

Gollapudi et al. (2021)

Kawas et al. (2017) Human & Bovine Slowed relaxation in ATPase rate
due to MAVA

Figure 3D Human and bovine cardiac myosins

Szentandrassy et al.
(2016)

Canine Change in APD due to 1 µM OM Figure 5A Left ventricular single canine myocytes

(Bakkehaug et al. (2015);
Utter et al. (2015))

Murine Porcine ATPase basal value increase due
to OM

Figure 5B Ex vivo mouse and in vivo pig hearts
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TABLE 6 Action potential (AP), Ca2+ transients (CaT), and active tension (AT) calculated biomarkers in spontaneous condition and their comparison
with Paci2020 and hiPSC-CM-CEmodel (i.e. no metabolite-sensitive CE) and the experimental values (Paci et al., 2018; Paci et al., 2020). APA: AP
amplitude, MDP: maximum diastolic potential, CL: cycle length, dV/dt max: maximum upstroke velocity, APD10 and APD30 and APD90: AP duration at
10, 30, 90% of repolarization, respectively, AP Tri: AP triangulation index. The simulated biomarkers of CaT are DURATION: duration of the transient,
tRise10, peak: time to peak, tRise10, 50 and tRise10, 90: rise time from 10 to 50% and 90% ofmaximum threshold, respectively, and tDecay90,10: decay
time from 90 to 10%. AT: Active tension, RT50: time from peak contraction to 50% of relaxation, %FS: percent of fractional shortening. The
experimental ranges for contraction biomarkers are from (Forouzandehmehr et al., 2021). The third column is taken directly from the original
Paci2020 publication (Paci et al., 2020).

No. Biomarker Paci2020 hiPSC-CM-CE hiMCE Exp. Value (Mean ±
SD)

1 APA (mV) 102 103 103 104 ± 6

2 MDP (mV) -74.9 -75.0 -75.0 -75.6 ± 6.6

3 AP CL (ms) 1712 1644 1644 1700 ± 548

4 dV/dt max (V/s) 20.5 23.9 24.0 27.8 ± 26.3

5 APD10 (ms) 87.0 95.0 95.1 74.1 ± 26.3

6 APD30 (ms) 224 238 238 180 ± 59

7 APD90 (ms) 390 403 403 415 ± 119

8 AP Tri 2.8 2.9 3 2.5 ± 1.1

9 CaT DURATION (ms) 691 693 693 805 ± 188

10 CaT tRise10, peak (ms) 184 163 163 270 ± 108

11 CaT tRise10,50 (ms) 54.9 46.2 45.9 82.9 ± 50.5

12 CaT tRise10,90 (ms) 118 102 102 167 ± 70

13 CaT tDecay90,10 (ms) 341 343 343 410 ± 100

14 AT magnitude (kPa) - 0.055 0.055 0.055 ± 0.009

15 RT50 (ms) - 161 158 158 ± 12.1

16 %FS - 3.45 3.23 3.27 ± 0.37

FIGURE 2
Standard results of themodel in spontaneous beating: Action Potentials (A), Ca2+ Transients (B), Active Tensions (C), ATPase rate (D), Flux of Ca2+

towards the contractile element (E), Fractional cell shortening at 1 Hz pacing (F). Cited works: (Ruan et al., 2016; Pioner et al., 2020;
Forouzandehmehr et al., 2021).
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Furthermore, ap1 to ap3 and am1 to am3 also affect the time

rate of change in the mean strains, Eqs (10), (11), and the steady-

state population of strongly bound XB states Eqs (12)–(14) (Tran

et al., 2010):

d

dt
xXBpreR � 0.5 ×

dSL

dt
+ φ

XBDFract
preR

[ − (ap1 × xXBpreR)

+ am2 × (xXBpstR − x0 − xXBpreR)] (10)
d

dt
xXBpstR � 0.5 ×

dSL

dt
+ φ

XBDFract
pstR

[ap2 × (xXBpreR + x0

− xXBpstR)] (11)

XBDFract
preR � am3 × am2 + ap3 × ap1 + am2 × ap1

∑XBDFract
(12)

XBDFract
pstR � ap1 × ap2 + am3 × ap1 + am3 × ap2

∑XBDFract
(13)

∑XBDFract � ap1 × ap2 + am3 × am1 + am3 × ap2

+ am3 × am2 + ap3 × ap1 + am2 × ap1

+ ap2 × ap3 + am3 × am1 + ap3 × am1 (14)

Where dSL
dt denotes the sarcomere length velocity and φ represents

an empirical scaler equal to 2 (Rice et al., 2008). For the detailed

explanation of the metabolite-sensitive XB cycling we refer the

readers to (Tran et al., 2010).

The contractile element calibration for
HCM model variant

Our baseline CE inherits the main effects of contractile

metabolic products such as MgATP, MgADP, inorganic

Phosphate (Pi), and H+ on the tension development

mechanism from the original Tran et al. model (Tran et al.,

2010; Tran et al., 2017). We used this baseline model to develop

an HCM mutant variant (R403Q) model, with altered

myofilament kinetics. This model variant was created by

modifying specific metabolic parameters to achieve a

simulated state consistent with experimental reports of R403Q

HCM (Table 2).

To obtain the HCM model variant, we changed F1 and

F2 values following (Margara et al., 2021) and in line with the

sensitivity test given in Supplementary Figure S4. We also

increased the value of MgADP concentration and the

reference value of Pi. Finally, we changed the ap2 coefficient

regarding the model sensitivity given in Supplementary

Figure S2.

The contractile element calibration for
drug-induced effects

Previously, (Margara et al. (2021) assumed in their

computational study that MAVA mainly influences the

transitions between XBpreR and PXB states following the DRX:

SRX disturbing theory reported in (Toepfer et al., 2020). This was

implemented by introducing F1 and F2 (with default values of 1)

coefficients (Eq. (2)) representing DRX:SRX ratios to the time-

dependent description of XBpreR state.

In addition, we simulated the effect of MAVA not only by

altering the values of F1 and F2 but also modifying the

parameters listed in Table 1 to obtain a comprehensive and

accurate simulation of the effect of 0.5 µM MAVA on our HCM

R403Q model variant as given in Table 3. These further

modifications, done as a manual parameter tuning, are based

on the reported effect of MAVA on Ca2+ activation and binding

process (Awinda et al., 2020), Pi (Alsulami and Marston, 2020),

and ATPase activity (Green et al., 2016). Specifically, changes in

Kon and nperm values have been made regarding the sensitivity

analyses given in (Forouzandehmehr et al., 2021). The F1 and

F2 values were changed according to model sensitivity behavior

given in Supplementary Figure S4. Further, ap1 and ap3

coefficients and A-E values were obtained by trial and error.

To indicate, A modulates PXB to XBpreR transition, B

influences Pi-dependent XBpreR to PXB transition, C takes

effect on XBpreR to XBpstR transition, D affects proton-

dependent XBpstR to XBpreR transition, and E controls

MgATP-dependent transition from XBpstR to PXB states.

Correspondingly, the proposed modulations (A to E in

Table 3) to Eqs (15)–(19), are in line with a disturbed

interfilament signaling that affects the force-producing states

of XB suggested in the etiology of R403Q (Nag et al., 2015). Our

motivation for the A-E coefficient modifications was the role of

xbmodsp parameter in contraction relaxation time observed in

the sensitivity study before (Forouzandehmehr et al., 2021). As

changing xbmodsp solely could not lead to an accurate

simulation of impaired relaxation restored by 0.5 µM MAVA,

we used A-E values to optimize the distribution of xbmodsp

effect on the XB cycling.

fapt � fap × A × xbmodsp × Qf((Tmpc−37)/10)
ap (15)

gapt � gap × gapslmd × B × xbmodsp × Qg((Tmpc−37)/10)
ap (16)

hft � hf × hfmd × C × xbmodsp × Q((Tmpc−37)/10)
hf (17)

hbt � hb × D × xbmodsp × Q((Tmpc−37)/10)
hb (18)

gxbt � gxb × max (gxbmd, 1) × E × xbmodsp × Q((Tmpc−37)/10)
gxb

(19)

Values of thin filament regulation and XB cycling parameters

hb, gap, gapslmd and temperature dependences Qhb, Qgxb, Qgap

were directly taken from (Rice et al., 2008). Also, gxbmd is a strain-

dependent rate modifier defined in (Rice et al., 2008).

The values of parameters changed in the model to simulate

the effects of 5 µM BLEB and 1 µM OM are given in Table 4.

F1 and F2 values were obtained with attention to sensitivity plots

given in Supplementary Figure S4. Similarly, ap2 and am2
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TABLE 6 Action potential (AP), Ca2+ transients (CaT), and active tension (AT) calculated biomarkers in spontaneous condition and their comparison
with Paci2020 and hiPSC-CM-CEmodel (i.e. no metabolite-sensitive CE) and the experimental values (Paci et al., 2018; Paci et al., 2020). APA: AP
amplitude, MDP: maximum diastolic potential, CL: cycle length, dV/dt max: maximum upstroke velocity, APD10 and APD30 and APD90: AP duration at
10, 30, 90% of repolarization, respectively, AP Tri: AP triangulation index. The simulated biomarkers of CaT are DURATION: duration of the transient,
tRise10, peak: time to peak, tRise10, 50 and tRise10, 90: rise time from 10 to 50% and 90% ofmaximum threshold, respectively, and tDecay90,10: decay
time from 90 to 10%. AT: Active tension, RT50: time from peak contraction to 50% of relaxation, %FS: percent of fractional shortening. The
experimental ranges for contraction biomarkers are from (Forouzandehmehr et al., 2021). The third column is taken directly from the original
Paci2020 publication (Paci et al., 2020).

No. Biomarker Paci2020 hiPSC-CM-CE hiMCE Exp. Value (Mean ±
SD)

1 APA (mV) 102 103 103 104 ± 6

2 MDP (mV) -74.9 -75.0 -75.0 -75.6 ± 6.6

3 AP CL (ms) 1712 1644 1644 1700 ± 548

4 dV/dt max (V/s) 20.5 23.9 24.0 27.8 ± 26.3

5 APD10 (ms) 87.0 95.0 95.1 74.1 ± 26.3

6 APD30 (ms) 224 238 238 180 ± 59

7 APD90 (ms) 390 403 403 415 ± 119

8 AP Tri 2.8 2.9 3 2.5 ± 1.1

9 CaT DURATION (ms) 691 693 693 805 ± 188

10 CaT tRise10, peak (ms) 184 163 163 270 ± 108

11 CaT tRise10,50 (ms) 54.9 46.2 45.9 82.9 ± 50.5

12 CaT tRise10,90 (ms) 118 102 102 167 ± 70

13 CaT tDecay90,10 (ms) 341 343 343 410 ± 100

14 AT magnitude (kPa) - 0.055 0.055 0.055 ± 0.009

15 RT50 (ms) - 161 158 158 ± 12.1

16 %FS - 3.45 3.23 3.27 ± 0.37

FIGURE 2
Standard results of themodel in spontaneous beating: Action Potentials (A), Ca2+ Transients (B), Active Tensions (C), ATPase rate (D), Flux of Ca2+

towards the contractile element (E), Fractional cell shortening at 1 Hz pacing (F). Cited works: (Ruan et al., 2016; Pioner et al., 2020;
Forouzandehmehr et al., 2021).
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Furthermore, ap1 to ap3 and am1 to am3 also affect the time

rate of change in the mean strains, Eqs (10), (11), and the steady-

state population of strongly bound XB states Eqs (12)–(14) (Tran

et al., 2010):

d

dt
xXBpreR � 0.5 ×

dSL

dt
+ φ

XBDFract
preR

[ − (ap1 × xXBpreR)

+ am2 × (xXBpstR − x0 − xXBpreR)] (10)
d

dt
xXBpstR � 0.5 ×

dSL

dt
+ φ

XBDFract
pstR

[ap2 × (xXBpreR + x0

− xXBpstR)] (11)

XBDFract
preR � am3 × am2 + ap3 × ap1 + am2 × ap1

∑XBDFract
(12)

XBDFract
pstR � ap1 × ap2 + am3 × ap1 + am3 × ap2

∑XBDFract
(13)

∑XBDFract � ap1 × ap2 + am3 × am1 + am3 × ap2

+ am3 × am2 + ap3 × ap1 + am2 × ap1

+ ap2 × ap3 + am3 × am1 + ap3 × am1 (14)

Where dSL
dt denotes the sarcomere length velocity and φ represents

an empirical scaler equal to 2 (Rice et al., 2008). For the detailed

explanation of the metabolite-sensitive XB cycling we refer the

readers to (Tran et al., 2010).

The contractile element calibration for
HCM model variant

Our baseline CE inherits the main effects of contractile

metabolic products such as MgATP, MgADP, inorganic

Phosphate (Pi), and H+ on the tension development

mechanism from the original Tran et al. model (Tran et al.,

2010; Tran et al., 2017). We used this baseline model to develop

an HCM mutant variant (R403Q) model, with altered

myofilament kinetics. This model variant was created by

modifying specific metabolic parameters to achieve a

simulated state consistent with experimental reports of R403Q

HCM (Table 2).

To obtain the HCM model variant, we changed F1 and

F2 values following (Margara et al., 2021) and in line with the

sensitivity test given in Supplementary Figure S4. We also

increased the value of MgADP concentration and the

reference value of Pi. Finally, we changed the ap2 coefficient

regarding the model sensitivity given in Supplementary

Figure S2.

The contractile element calibration for
drug-induced effects

Previously, (Margara et al. (2021) assumed in their

computational study that MAVA mainly influences the

transitions between XBpreR and PXB states following the DRX:

SRX disturbing theory reported in (Toepfer et al., 2020). This was

implemented by introducing F1 and F2 (with default values of 1)

coefficients (Eq. (2)) representing DRX:SRX ratios to the time-

dependent description of XBpreR state.

In addition, we simulated the effect of MAVA not only by

altering the values of F1 and F2 but also modifying the

parameters listed in Table 1 to obtain a comprehensive and

accurate simulation of the effect of 0.5 µM MAVA on our HCM

R403Q model variant as given in Table 3. These further

modifications, done as a manual parameter tuning, are based

on the reported effect of MAVA on Ca2+ activation and binding

process (Awinda et al., 2020), Pi (Alsulami and Marston, 2020),

and ATPase activity (Green et al., 2016). Specifically, changes in

Kon and nperm values have been made regarding the sensitivity

analyses given in (Forouzandehmehr et al., 2021). The F1 and

F2 values were changed according to model sensitivity behavior

given in Supplementary Figure S4. Further, ap1 and ap3

coefficients and A-E values were obtained by trial and error.

To indicate, A modulates PXB to XBpreR transition, B

influences Pi-dependent XBpreR to PXB transition, C takes

effect on XBpreR to XBpstR transition, D affects proton-

dependent XBpstR to XBpreR transition, and E controls

MgATP-dependent transition from XBpstR to PXB states.

Correspondingly, the proposed modulations (A to E in

Table 3) to Eqs (15)–(19), are in line with a disturbed

interfilament signaling that affects the force-producing states

of XB suggested in the etiology of R403Q (Nag et al., 2015). Our

motivation for the A-E coefficient modifications was the role of

xbmodsp parameter in contraction relaxation time observed in

the sensitivity study before (Forouzandehmehr et al., 2021). As

changing xbmodsp solely could not lead to an accurate

simulation of impaired relaxation restored by 0.5 µM MAVA,

we used A-E values to optimize the distribution of xbmodsp

effect on the XB cycling.

fapt � fap × A × xbmodsp × Qf((Tmpc−37)/10)
ap (15)

gapt � gap × gapslmd × B × xbmodsp × Qg((Tmpc−37)/10)
ap (16)

hft � hf × hfmd × C × xbmodsp × Q((Tmpc−37)/10)
hf (17)

hbt � hb × D × xbmodsp × Q((Tmpc−37)/10)
hb (18)

gxbt � gxb × max (gxbmd, 1) × E × xbmodsp × Q((Tmpc−37)/10)
gxb

(19)

Values of thin filament regulation and XB cycling parameters

hb, gap, gapslmd and temperature dependences Qhb, Qgxb, Qgap

were directly taken from (Rice et al., 2008). Also, gxbmd is a strain-

dependent rate modifier defined in (Rice et al., 2008).

The values of parameters changed in the model to simulate

the effects of 5 µM BLEB and 1 µM OM are given in Table 4.

F1 and F2 values were obtained with attention to sensitivity plots

given in Supplementary Figure S4. Similarly, ap2 and am2
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coefficients were found regarding the model behavior shown in

Supplementary Figures S2, S3, and S5. Lastly, values of

parameters listed in Table 4 rows 7 to 15 were obtained

manually according to the sensitivity reports given in

(Forouzandehmehr et al., 2021).

Moreover, to capture the dose-dependent effect of BLEB

and OM on the normalized tension, based on model sensitivity

tests (Supplementary Figures S2-S5) and previous sensitivity

analyses (Forouzandehmehr et al., 2021), we identified the main

variable of the CE governing the maximum developed tension,

ap2, and identified coefficient values accordingly

(Supplementary Tables S1 and S2). Supplementary Figures

S2-S5 show the sensitivity of tension-Ca2+ relationships,

active tensions, and ATPase rates to ap2, am2, and R (=F1 =

F2) coefficients. Our HCM and drug-induced calibrations are

unique sets obtained from an informed manual tuning, with

e.g., 10%, 20%, 50% increments, started with a first guess within

assumed boundaries (e.g., 1/100 to 5.4 times of baseline values).

The examples of the results showing the increments and the

model response are given in Supplementary Figures S2-S5.

Overall, these sensitivity analyses combined with our

previous sensitivity investigations on the CE of our previous

model (Forouzandehmehr et al., 2021) were the basis of the

informed manual parameter tunings done to obtain HCM- and

drug-induced calibrations in this work.

The experimental data for calibrations and
validations

Table 5 gives the experimental data using which the results of

this work have been calibrated and validated.

Results

The metabolite-sensitive model of
hiPSC-CMs

All the equations were solved using ode15 s integrator of

MATLAB with a maximum step size of 10–3 and an initial step

size of 2 × 10–5. To reach the steady state, the results were

obtained after 800 beats paced at 1 Hz unless otherwise

mentioned.

First, we show that our computational model can correctly

simulate the main AP, Ca2+ transients (CaTs), and active

tension (AT) biomarkers as had been simulated by our

previous electromechanical hiPSC-CM-CE model

(Forouzandehmehr et al., 2021). As Table 6 shows, our new

metabolite-sensitive hiMCE model is able to simulate the

main biomarkers within the experimental ranges in the

validation datasets. The increased thermodynamic detail of

the CE did not significantly alter the biomarker values

compared to our previous reparameterization

(Forouzandehmehr et al., 2021) and the original Paci et al.

hiPSC-CM model (Paci et al., 2020). Also, Figure 2 shows the

contractility characteristics simulated using the hiMCE model

are consistent with the previously validated results, while also

illustrating selected fundamental outputs (Ruan et al., 2016;

Pioner et al., 2020).

Hypercontractility in R403Q HCM and
mavacamten

In order to simulate the abnormal prolonged relaxation in

the developed active tension due to R403Q HCM mutation,

Margara et al. (2021) hypothesized a feedback from XB cycling

to the thin filament activation. To investigate further, using

the parameter values in Table 2 and consistent with the

metabolic data detailed in section 2.2, we simulated the

active tension and ATPase rate in R403Q HCM model

variant. The CaT morphology remains unchanged in the

HCM R403Q mode (Figure 3B), consistently with

experimental data reported for hiPSC-CMs in (Sewanan

et al., 2019). Interestingly, the results in Figure 3C suggest

that including energetics in the CE reacts to the pathological

changes due to HCM and can correctly predict the prolonged

relaxation in the developed active tension (~33%),

consistently with in vitro hiPSC-CMs data (Toepfer et al.,

2020). Moreover, the increased fractional cell shortening

(~40%) due to the R403Q mutation is consistent with

experimental measurements in (Toepfer et al., 2020). Of

note, the model also correctly predicts the negligible

change in the ATPase activity (Figure 3D), consistently

with the experimental data (Table 5) (Nag et al., 2015;

Sarkar et al., 2020).

To simulate the electro-mechano-energetic effect of

0.5 µM MAVA, we used the model calibration values listed

in Table 3. We have assumed that MAVA would shift the

elevated metabolites in the HCM model variant, Pi and

MgADP, towards their baseline values. Our model could

accurately predict the unaffected CaTs due to MAVA as

reported experimentally earlier (Green et al., 2016).

Further, the order of reduction in the simulated ATPase

rate (19.3%) due to 0.5 µM MAVA, Figures 3D, 3is within

the reduction range, 17.9–28.5%, reported in previous

experimental ATPase activity measurements (Gollapudi

et al., 2021). Also, the model consistently predicts the

reduction in the relaxation phase in the ATPase rate

(Figure 3D) (Kawas et al., 2017). Notably, our simulations

quantitatively capture the reduction in the fractional cell

shortening and prolonged tension relaxation due to R403Q

mutated hiPSC-CMs after 0.5 µM MAVA (14.6% and 20.9%,

respectively), consistently with recent experimental

measurements (Toepfer et al., 2020). Finally as shown in
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Supplementary Figure S1, the CE model accurately predicts

the unchanged pCa50 in the tension-Ca2+ relationship

consistent with the experimental data for 0.5 µM MAVA

(Green et al., 2016).

Simulated effects of omecamtiv mecarbil
and blebbistatin

Using the CE parameter values listed in Table 4, we

simulated the effect of 5 µM BLEB and 1 µM OM. As

Table 7 shows, the drug-induced calibration of the hiMCE

model results in accurate predictions of Ca2+ sensitive effects

of 5 µM BLEB and 1 µM OM consistent with experimental

data (Kampourakis et al., 2018) as also Figure 4A qualitatively

confirms. Additionally, the selected values for the coefficients

of the tension governing variables in the CE, ap2s (Figures

4B,C and Supplementary Tables S1, S2), leads to the correct

dose-dependent prediction for BLEB and OM (Figures 4D,E)

and the expected inverse Hill curves reported experimentally

(Kampourakis et al., 2018).

Moreover, our model predicts an insignificant reduction

in AP duration (3.4%) due to 1 µM OM (Figure 5A), evaluated

by calculating APD90 values (Figure 5A). This translates to

17 ms reduction in APD90 (502–485 ms) which is consistent

with the order of APD90 reduction due to 1 µM OM, 12.2 ms,

reported for canine cardiomyocytes at 1 Hz pacing

(Szentandrassy et al., 2016). Also, the simulated increase in

the basal ATPase rate due to 1 µM OM (Figure 5H) is

qualitatively consistent with the experimental data reported

before (Bakkehaug et al., 2015; Utter et al., 2015).

Our model predicts a 23% increase in the amplitude of the

Ca2+ flux towards the myofilament, JCB (Figure 5B). The

subsequent accumulation of intracellular Ca2+ is seen as a

4.5% increase in CaT peak (Figure 5E). Interestingly, the

steady-state alterations in sarcolemmal Ca2+ transport are

very subtle: virtually unchanged ICaL (Figure 5C) and only

very slightly increased IpCa (Figure 5F). Whereas there is a

FIGURE 3
Simulated action potential (A), Calcium transients (B), active tensions (C), ATPase rate (D), Flux of Ca2+ towards the myofilament (E), and
fractional cell shortenings (F) in R403Q hypertrophic cardiomyopathy and Mavacamten modes (All simulations were done at 1 Hz pacing). The
percents of prolonged tension relaxation in R403Q mode (C), the reduction in tension relaxation due to MAVA (C), the reduction in fractional
shortening in R403Qmode due to MAVA (F), and the reduction in ATPase rate due to MAVA (D) agree with the experimental data (Toepfer et al.,
2020; Gollapudi et al., 2021).
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coefficients were found regarding the model behavior shown in

Supplementary Figures S2, S3, and S5. Lastly, values of

parameters listed in Table 4 rows 7 to 15 were obtained

manually according to the sensitivity reports given in

(Forouzandehmehr et al., 2021).

Moreover, to capture the dose-dependent effect of BLEB

and OM on the normalized tension, based on model sensitivity

tests (Supplementary Figures S2-S5) and previous sensitivity

analyses (Forouzandehmehr et al., 2021), we identified the main

variable of the CE governing the maximum developed tension,

ap2, and identified coefficient values accordingly

(Supplementary Tables S1 and S2). Supplementary Figures

S2-S5 show the sensitivity of tension-Ca2+ relationships,

active tensions, and ATPase rates to ap2, am2, and R (=F1 =

F2) coefficients. Our HCM and drug-induced calibrations are

unique sets obtained from an informed manual tuning, with

e.g., 10%, 20%, 50% increments, started with a first guess within

assumed boundaries (e.g., 1/100 to 5.4 times of baseline values).

The examples of the results showing the increments and the

model response are given in Supplementary Figures S2-S5.

Overall, these sensitivity analyses combined with our

previous sensitivity investigations on the CE of our previous

model (Forouzandehmehr et al., 2021) were the basis of the

informed manual parameter tunings done to obtain HCM- and

drug-induced calibrations in this work.

The experimental data for calibrations and
validations

Table 5 gives the experimental data using which the results of

this work have been calibrated and validated.

Results

The metabolite-sensitive model of
hiPSC-CMs

All the equations were solved using ode15 s integrator of

MATLAB with a maximum step size of 10–3 and an initial step

size of 2 × 10–5. To reach the steady state, the results were

obtained after 800 beats paced at 1 Hz unless otherwise

mentioned.

First, we show that our computational model can correctly

simulate the main AP, Ca2+ transients (CaTs), and active

tension (AT) biomarkers as had been simulated by our

previous electromechanical hiPSC-CM-CE model

(Forouzandehmehr et al., 2021). As Table 6 shows, our new

metabolite-sensitive hiMCE model is able to simulate the

main biomarkers within the experimental ranges in the

validation datasets. The increased thermodynamic detail of

the CE did not significantly alter the biomarker values

compared to our previous reparameterization

(Forouzandehmehr et al., 2021) and the original Paci et al.

hiPSC-CM model (Paci et al., 2020). Also, Figure 2 shows the

contractility characteristics simulated using the hiMCE model

are consistent with the previously validated results, while also

illustrating selected fundamental outputs (Ruan et al., 2016;

Pioner et al., 2020).

Hypercontractility in R403Q HCM and
mavacamten

In order to simulate the abnormal prolonged relaxation in

the developed active tension due to R403Q HCM mutation,

Margara et al. (2021) hypothesized a feedback from XB cycling

to the thin filament activation. To investigate further, using

the parameter values in Table 2 and consistent with the

metabolic data detailed in section 2.2, we simulated the

active tension and ATPase rate in R403Q HCM model

variant. The CaT morphology remains unchanged in the

HCM R403Q mode (Figure 3B), consistently with

experimental data reported for hiPSC-CMs in (Sewanan

et al., 2019). Interestingly, the results in Figure 3C suggest

that including energetics in the CE reacts to the pathological

changes due to HCM and can correctly predict the prolonged

relaxation in the developed active tension (~33%),

consistently with in vitro hiPSC-CMs data (Toepfer et al.,

2020). Moreover, the increased fractional cell shortening

(~40%) due to the R403Q mutation is consistent with

experimental measurements in (Toepfer et al., 2020). Of

note, the model also correctly predicts the negligible

change in the ATPase activity (Figure 3D), consistently

with the experimental data (Table 5) (Nag et al., 2015;

Sarkar et al., 2020).

To simulate the electro-mechano-energetic effect of

0.5 µM MAVA, we used the model calibration values listed

in Table 3. We have assumed that MAVA would shift the

elevated metabolites in the HCM model variant, Pi and

MgADP, towards their baseline values. Our model could

accurately predict the unaffected CaTs due to MAVA as

reported experimentally earlier (Green et al., 2016).

Further, the order of reduction in the simulated ATPase

rate (19.3%) due to 0.5 µM MAVA, Figures 3D, 3is within

the reduction range, 17.9–28.5%, reported in previous

experimental ATPase activity measurements (Gollapudi

et al., 2021). Also, the model consistently predicts the

reduction in the relaxation phase in the ATPase rate

(Figure 3D) (Kawas et al., 2017). Notably, our simulations

quantitatively capture the reduction in the fractional cell

shortening and prolonged tension relaxation due to R403Q

mutated hiPSC-CMs after 0.5 µM MAVA (14.6% and 20.9%,

respectively), consistently with recent experimental

measurements (Toepfer et al., 2020). Finally as shown in
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Supplementary Figure S1, the CE model accurately predicts

the unchanged pCa50 in the tension-Ca2+ relationship

consistent with the experimental data for 0.5 µM MAVA

(Green et al., 2016).

Simulated effects of omecamtiv mecarbil
and blebbistatin

Using the CE parameter values listed in Table 4, we

simulated the effect of 5 µM BLEB and 1 µM OM. As

Table 7 shows, the drug-induced calibration of the hiMCE

model results in accurate predictions of Ca2+ sensitive effects

of 5 µM BLEB and 1 µM OM consistent with experimental

data (Kampourakis et al., 2018) as also Figure 4A qualitatively

confirms. Additionally, the selected values for the coefficients

of the tension governing variables in the CE, ap2s (Figures

4B,C and Supplementary Tables S1, S2), leads to the correct

dose-dependent prediction for BLEB and OM (Figures 4D,E)

and the expected inverse Hill curves reported experimentally

(Kampourakis et al., 2018).

Moreover, our model predicts an insignificant reduction

in AP duration (3.4%) due to 1 µM OM (Figure 5A), evaluated

by calculating APD90 values (Figure 5A). This translates to

17 ms reduction in APD90 (502–485 ms) which is consistent

with the order of APD90 reduction due to 1 µM OM, 12.2 ms,

reported for canine cardiomyocytes at 1 Hz pacing

(Szentandrassy et al., 2016). Also, the simulated increase in

the basal ATPase rate due to 1 µM OM (Figure 5H) is

qualitatively consistent with the experimental data reported

before (Bakkehaug et al., 2015; Utter et al., 2015).

Our model predicts a 23% increase in the amplitude of the

Ca2+ flux towards the myofilament, JCB (Figure 5B). The

subsequent accumulation of intracellular Ca2+ is seen as a

4.5% increase in CaT peak (Figure 5E). Interestingly, the

steady-state alterations in sarcolemmal Ca2+ transport are

very subtle: virtually unchanged ICaL (Figure 5C) and only

very slightly increased IpCa (Figure 5F). Whereas there is a

FIGURE 3
Simulated action potential (A), Calcium transients (B), active tensions (C), ATPase rate (D), Flux of Ca2+ towards the myofilament (E), and
fractional cell shortenings (F) in R403Q hypertrophic cardiomyopathy and Mavacamten modes (All simulations were done at 1 Hz pacing). The
percents of prolonged tension relaxation in R403Q mode (C), the reduction in tension relaxation due to MAVA (C), the reduction in fractional
shortening in R403Qmode due to MAVA (F), and the reduction in ATPase rate due to MAVA (D) agree with the experimental data (Toepfer et al.,
2020; Gollapudi et al., 2021).
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more substantial 17% increase in the amplitude of the INCX

(Figure 5D). The enhanced reverse mode of INCX causes

accumulation of intracellular Na+ (7.04 vs. 7.43 mM) that

promotes a stronger repolarizing INaK (Figure 5G). This

appears to be the mechanism that causes the subtle yet

visible 3.4% decrease in the AP duration (Figure 5A),

consistently with the reported experiments suggesting OM

as a safe compound on cardiac electrophysiology in clinically

tolerated doses (Szentandrassy et al., 2016). These

predictions can be insightful regarding the consequences

of the disturbed interfilament signaling that OM elicits in

the XBs.

Discussion

HCM and energetics of contraction

Cardiomyocytes, with no self-renewal capacity, must

provide two billion beats during an average lifetime for

which the cardiac muscle requires a significant amount of

energy, 6 kg of ATP per day (Ingwall, 2002). This energy

consumption is predominantly due to the function of

sarcomeres in contraction. Therefore, the pathological

conditions directly caused by sarcomeric mutations, such as

R403Q HCM, necessitate studying contractile function of

cardiomyocytes regarding cardiac metabolism. Our analysis

demonstrates that the incorporated scheme of the metabolite-

sensitive CE is able to capture the impaired (prolonged)

tension relaxation, ~33%, due to the R403Q mutation.

Interestingly, with the energetics included, the additional

feedback from XB cycling to the thin filaments, proposed

previously by Margara et al. (2021), was not necessary to

replicate the altered relaxation. This further highlights the

importance of considering (patho)physiologically constrained

metabolite-sensitive computational models in the

investigation of sarcomeric cardiomyopathies.

HCM and drug-induced model
calibrations

Contractile energetics become highly important when

studying promising drugs reported in HCM clinical trials such

as MAVA, BLEB, and OM. As our results show, the

quantitatively valid simulation of the effect of MAVA, BLEB,

and OM, in single dose or dose-dependently, could not be done

without the calibration of parameters in the CE that directly or

indirectly affect the energetics (Tables 3, 4, S1, and S2). Markedly,

one of the important insights of this study stems from the

parameters involved in the calibration of the model for the

simulation of 0.5 µM MAVA. We took the MAVA modeling

one step further by calibrating the CE altering parameters

affecting Pi-dependent transition between permissive binding

state on actin (PXB) and the strongly bound XBs before

isomerized rotation (XBpreR) state. Also, we modulated Ca2+

binding and sensitivity of the CE, and MgATP-dependent

transitions between PXB and XBs in strongly bound post

isomerized rotation state (XBpostR) in accord with

experimental metabolic reports (Green et al., 2016; Alsulami

and Marston, 2020; Awinda et al., 2020). Towards decoding the

precise drug mechanism of action, the modulations proposed

here to explain the effect of MAVA (Table 3) implies that,

alongside altering the disturbed DRX:SRX ratio, MAVA might

also induce a new interfilament equilibrium, modulating tension-

producing and energetic terms that explicitly affect the reverse

transition at play between XBpreR and XBpostR affecting the

strain-dependent isomerization of myosin heads. This possible

TABLE 7 Experimental data (Kampourakis et al., 2018) and hiMCE results due to the effect of 1 µMOMand 5 µMBLEB. pCa50 represents the -log of the
Ca2+ concentration associated with 50% of maximum tension. cTnC-E: data from cardiac troponin C (cTnC) E-helix obtained by a rhodamine
probe. cRLC-E: Data from a probe connected to the myosin regulatory light chain (RLC).

# Item Kampourakis et al., 2018 Hi-MCE model (%)

1 Increase in pCa50 due to 1 µM OM 5.4–6.9% (cRLC-E) 5.8

3.8–6.4% (cTnC-E)

2 Decrease in pCa50 due to 5 µM BLEB 2.1–5.5% (cRLC-E) 4.8

2.6–5.7% (cTnC-E)

3 Reduction of Hill coef. Due to 1 µM OM 53.2–64.5% (cRLC-E) 58.9

57.1–68.1% (cTnC-E)

4 Reduction of Hill coef. Due to 5 µM BLEB 59.5–73.5% (cRLC-E) 49.9

44.8–58.3% (cTnC-E)

5 Reduction in max tension due to 1 µM OM 0–29% (cRLC-E) 25.3

18–47% (cTnC-E)

6 Reduction in max tension due to 5 µM BLEB 66–90% (cRLC-E) 76.4

64–80% (cTnC-E)
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pharmacological insight emerging from our model is interesting

as MAVA mechanism of action inherently shifts the R403Q

impaired metabolism towards normal regulation and this

involves the impaired proton-dependent transition in R403Q

mode (Toepfer et al., 2020).

The drug- and HCM-related calibrations presented in

this work are in line with the proposed OM and BLEB

structure-function relationships detailed in (Kampourakis

et al., 2018). To enumerate, Kampourakis et al. (2018)

have implied that OM-bound myosin heads relocate the

tropomyosin to its on state when binding to actin in the

absence of Ca2+ bound to troponin. Importantly, the XB

activation, which is due to the effect of OM, has been

significantly attributed to the stabilizing of the ON state of

thick filaments. Further, these stabilized ON positions in

thick filaments have been considered to promote an ON thin

filament state through preventing tropomyosin returning to

their off positions. This has been translated in our model by

modifying koff constants which are the rate constants

affecting Ca2+ unbinding from low and high affinity sites

on troponin. These transition rates affect regulatory sites on

cardiac troponin leading to activation of XB cycle (Tran et al.,

2010).

On the other hand, at intermediate Ca2+ in the physiological

range (pCa nine to 4.3), OM activates actins along with the thick

filaments. In our model, this has been translated by modifying

Kon, Knp and Kpn rate constants for Ca2+ binding to troponin,

forward and backward transition rates between Pxb and Nxb

states, respectively (Table 4). Further, the constant rates directly

affecting Ca2+ bound troponin thin filaments regulation induced

by Ca2+ bound troponin (Kon, nperm, koffL, koffH, kpn, knp, and

koffmode) have only been calibrated towards activation for OM

and they are missing in BLEB calibration as BLEB does not switch

both filaments to their ON states (Kampourakis et al., 2018).

Further, modification of coefficient of Tropreg variable, the

fraction of actins with Ca2+ bound, detailed in (Rice et al.,

2008), in both OM and BLEB calibrations is consistent with

the reported effect of these drugs as both OM and BLEB generally

greatly decrease the Ca2+ activation co-operativity (Kampourakis

et al., 2018).

In the HCM variant model, the significant increase in Pi

concentration is consistent with the experimental metabolic

FIGURE 4
Calcium-tension relationships in control and drug-inducedmodes in isometric condition (A), ap2 coefficients found for different BLEB and OM
concentrations (B,C), and dose-dependent tension-Ca2+ relationships of BLEB (D) and OM (E) in isometric conditions. OM: Omecamtive mecarbil.
BLEB: Blebbistatin. Experimental data from (Kampourakis et al., 2018). T0: isometric force in the absence of drugs.
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more substantial 17% increase in the amplitude of the INCX

(Figure 5D). The enhanced reverse mode of INCX causes

accumulation of intracellular Na+ (7.04 vs. 7.43 mM) that

promotes a stronger repolarizing INaK (Figure 5G). This

appears to be the mechanism that causes the subtle yet

visible 3.4% decrease in the AP duration (Figure 5A),

consistently with the reported experiments suggesting OM

as a safe compound on cardiac electrophysiology in clinically

tolerated doses (Szentandrassy et al., 2016). These

predictions can be insightful regarding the consequences

of the disturbed interfilament signaling that OM elicits in

the XBs.

Discussion

HCM and energetics of contraction

Cardiomyocytes, with no self-renewal capacity, must

provide two billion beats during an average lifetime for

which the cardiac muscle requires a significant amount of

energy, 6 kg of ATP per day (Ingwall, 2002). This energy

consumption is predominantly due to the function of

sarcomeres in contraction. Therefore, the pathological

conditions directly caused by sarcomeric mutations, such as

R403Q HCM, necessitate studying contractile function of

cardiomyocytes regarding cardiac metabolism. Our analysis

demonstrates that the incorporated scheme of the metabolite-

sensitive CE is able to capture the impaired (prolonged)

tension relaxation, ~33%, due to the R403Q mutation.

Interestingly, with the energetics included, the additional

feedback from XB cycling to the thin filaments, proposed

previously by Margara et al. (2021), was not necessary to

replicate the altered relaxation. This further highlights the

importance of considering (patho)physiologically constrained

metabolite-sensitive computational models in the

investigation of sarcomeric cardiomyopathies.

HCM and drug-induced model
calibrations

Contractile energetics become highly important when

studying promising drugs reported in HCM clinical trials such

as MAVA, BLEB, and OM. As our results show, the

quantitatively valid simulation of the effect of MAVA, BLEB,

and OM, in single dose or dose-dependently, could not be done

without the calibration of parameters in the CE that directly or

indirectly affect the energetics (Tables 3, 4, S1, and S2). Markedly,

one of the important insights of this study stems from the

parameters involved in the calibration of the model for the

simulation of 0.5 µM MAVA. We took the MAVA modeling

one step further by calibrating the CE altering parameters

affecting Pi-dependent transition between permissive binding

state on actin (PXB) and the strongly bound XBs before

isomerized rotation (XBpreR) state. Also, we modulated Ca2+

binding and sensitivity of the CE, and MgATP-dependent

transitions between PXB and XBs in strongly bound post

isomerized rotation state (XBpostR) in accord with

experimental metabolic reports (Green et al., 2016; Alsulami

and Marston, 2020; Awinda et al., 2020). Towards decoding the

precise drug mechanism of action, the modulations proposed

here to explain the effect of MAVA (Table 3) implies that,

alongside altering the disturbed DRX:SRX ratio, MAVA might

also induce a new interfilament equilibrium, modulating tension-

producing and energetic terms that explicitly affect the reverse

transition at play between XBpreR and XBpostR affecting the

strain-dependent isomerization of myosin heads. This possible

TABLE 7 Experimental data (Kampourakis et al., 2018) and hiMCE results due to the effect of 1 µMOMand 5 µMBLEB. pCa50 represents the -log of the
Ca2+ concentration associated with 50% of maximum tension. cTnC-E: data from cardiac troponin C (cTnC) E-helix obtained by a rhodamine
probe. cRLC-E: Data from a probe connected to the myosin regulatory light chain (RLC).

# Item Kampourakis et al., 2018 Hi-MCE model (%)

1 Increase in pCa50 due to 1 µM OM 5.4–6.9% (cRLC-E) 5.8

3.8–6.4% (cTnC-E)

2 Decrease in pCa50 due to 5 µM BLEB 2.1–5.5% (cRLC-E) 4.8

2.6–5.7% (cTnC-E)

3 Reduction of Hill coef. Due to 1 µM OM 53.2–64.5% (cRLC-E) 58.9

57.1–68.1% (cTnC-E)

4 Reduction of Hill coef. Due to 5 µM BLEB 59.5–73.5% (cRLC-E) 49.9

44.8–58.3% (cTnC-E)

5 Reduction in max tension due to 1 µM OM 0–29% (cRLC-E) 25.3

18–47% (cTnC-E)

6 Reduction in max tension due to 5 µM BLEB 66–90% (cRLC-E) 76.4

64–80% (cTnC-E)
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pharmacological insight emerging from our model is interesting

as MAVA mechanism of action inherently shifts the R403Q

impaired metabolism towards normal regulation and this

involves the impaired proton-dependent transition in R403Q

mode (Toepfer et al., 2020).

The drug- and HCM-related calibrations presented in

this work are in line with the proposed OM and BLEB

structure-function relationships detailed in (Kampourakis

et al., 2018). To enumerate, Kampourakis et al. (2018)

have implied that OM-bound myosin heads relocate the

tropomyosin to its on state when binding to actin in the

absence of Ca2+ bound to troponin. Importantly, the XB

activation, which is due to the effect of OM, has been

significantly attributed to the stabilizing of the ON state of

thick filaments. Further, these stabilized ON positions in

thick filaments have been considered to promote an ON thin

filament state through preventing tropomyosin returning to

their off positions. This has been translated in our model by

modifying koff constants which are the rate constants

affecting Ca2+ unbinding from low and high affinity sites

on troponin. These transition rates affect regulatory sites on

cardiac troponin leading to activation of XB cycle (Tran et al.,

2010).

On the other hand, at intermediate Ca2+ in the physiological

range (pCa nine to 4.3), OM activates actins along with the thick

filaments. In our model, this has been translated by modifying

Kon, Knp and Kpn rate constants for Ca2+ binding to troponin,

forward and backward transition rates between Pxb and Nxb

states, respectively (Table 4). Further, the constant rates directly

affecting Ca2+ bound troponin thin filaments regulation induced

by Ca2+ bound troponin (Kon, nperm, koffL, koffH, kpn, knp, and

koffmode) have only been calibrated towards activation for OM

and they are missing in BLEB calibration as BLEB does not switch

both filaments to their ON states (Kampourakis et al., 2018).

Further, modification of coefficient of Tropreg variable, the

fraction of actins with Ca2+ bound, detailed in (Rice et al.,

2008), in both OM and BLEB calibrations is consistent with

the reported effect of these drugs as both OM and BLEB generally

greatly decrease the Ca2+ activation co-operativity (Kampourakis

et al., 2018).

In the HCM variant model, the significant increase in Pi

concentration is consistent with the experimental metabolic

FIGURE 4
Calcium-tension relationships in control and drug-inducedmodes in isometric condition (A), ap2 coefficients found for different BLEB and OM
concentrations (B,C), and dose-dependent tension-Ca2+ relationships of BLEB (D) and OM (E) in isometric conditions. OM: Omecamtive mecarbil.
BLEB: Blebbistatin. Experimental data from (Kampourakis et al., 2018). T0: isometric force in the absence of drugs.
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reports of HCM R403Q and R92Q mutations in animal mouse

models (Spindler et al., 1998; Abraham et al., 2013). Moreover,

the impaired coronary perfusion due to HCM has been related

to an abnormal energy reproduction that contributes to

elevation of ADP and Pi (Sequeira et al., 2019), which is

also consistent with conservation of phosphate and creatin

reaction (Tran et al., 2010). Congruently, the HCM mutation-

induced alterations in myofilament kinetics lead to increase in

ADP-mediated products (van der Velden et al., 2018).

Therefore, we increased the MgADP concentration within

physiological ranges (Tran et al., 2010). Notably, the Ca2+

dependence in the activation of myofilaments for HCM and

dilated cardiomyopathy has been shown to be altered in a

similar fashion due to OM and BLEB influence (Spudich,

2014), implying that the etiology of HCM includes a disturbed

actomyosin signaling. In addition, the underlying mechanism

of HCM-induced hypercontractility, including R403Q HCM,

has been explained in light of thick filament structural

alterations and the tension generation (Alamo et al., 2017;

Nag et al., 2017; Trivedi et al., 2018). Granted that, since with

change in ap2 coefficient (Table 2) the XB cycling machinery

could closely capture the HCM behavior (Figure 3), our model

potentially attributes the HCM-induced disturbed

interfilament signaling to a distortion-dependent forward

transition from XBpreR to XBpstR state and the subsequent

effect due to population of strongly bound XB states in the

steady-state condition. This could imply that the HCM-

induced disturbed actomyosin signaling might stem from a

misregulated isomerization of myosin heads from pre-rotated

to post-rotated force generating state affecting the strain

induced in the myosin neck region. Analogically, the same

process might explain how OM, BLEB, andMava contribute to

a new interfilament balance, restoring normal XB cycling

tension generation. This hypothesis based on our model

predictions could be insightful for accelerating the future

drug development for sarcomere cardiomyopathies and

mutation-specific HCM.

We have introduced a mechanistic solution to

incorporate the dose-dependent effect of Blebbistatin and

Omecamtiv mecarbil (Figure 4) consistent with experiments

(Kampourakis et al., 2018) focusing on ap2. Explicitly, the

inverse Hill function trend observed in dose-dependent

effects of OM and BLEB (Kampourakis et al., 2018) also

reflects in the values of ap2 coefficients obtained for the

FIGURE 5
Predicted effect of 1 µM OM by hiMCE on action potentials (A), Ca2+ flux towards the myofilament (B), L-type Ca2+ current (C), Na+/Ca2+

exchanger INCX (D) Ca2+ transients (E), sarcolemmal Ca2+ pump current (F), Na+/K+ pump (G), and ATPase rates (H). The change of APD has been
considered calculating APD90 in agreement with experimental data reported in (Szentandrassy et al., 2016). OM: Omecamtiv mecarbil.
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studied concentrations (Figures 4B–E). Moreover, changes in

F2, hf, and ap2 (Table 4) suggest that OM also favors the

rapid detachment of XBs as another contributor to the

disturbed actomyosin coupling involved in OM mechanism

of action. Furthermore, the accurate simulation of shortened

APD due to 1 µM OM combined with elevated basal ATPase

rate values further signifies that inclusion of metabolite-

sensitive transitions in the XB cycling of the CE cannot be

ignored in precision medicine, especially when simulating the

effects of drugs whose main mechanism of action impacts

ATPases.

Limitations and future works

The developed mathematical model naturally has some

limitations and potentials for advancements in the future

studies. Firstly, as we use ODEs instead of computationally

expensive PDEs, the cooperative spatial interactions between

regulatory proteins and XB action have been approximated

with a mean-field technique (Rice et al., 2008). Secondly, we

assumed that 0.5 µMMAVA restores the elevated MgADP and

Pi in HCM model variant to their basal values (listed in

Table 2). Although this assumption is consistent with

MAVA mechanism of action (Green et al., 2016), it is still

a simplification. Thirdly, one fundamental limitation of

hiPSC-CMs is that they rely on glycolytic metabolism, in

contrast to the fatty acid-based metabolism of native

human adult ventricular cardiomyocytes. A further source

of energetic dissimilarities is the differences between

surrounding medium in vitro vs. in vivo conditions. Given

these and as our model does not include energy production

process, we consider the metabolic differences out of the scope

of this work. As detailed in vitro data on hiPSC-CM

metabolism emerges, our modeling efforts serve as a solid

basis for the next phase of cardiomyocyte models with energy

production included.

The structural immaturity and special sarcomere

alignment and performance in hiPSC-CMs and its effect

on the HCM and drug-induced studies are important. The

core of our HCM variant and MAVA calibration is based on

hiPSC-CMs in vitro data obtained at day 30 post-

differentiation, indicating cardiomyocytes maturation

(Toepfer et al., 2020). In this work (Toepfer et al., 2020),

to validate the hiPSC-CMs finding regarding in vivo data, the

authors conducted parallel analyses on mouse HCM model

and human HCM cardiac tissues. The comparison revealed

that each HCM variant (HCM mice and hiPSC-CMs) caused

hypercontractility with respect to its WT model (Figure 3

C&I in (Toepfer et al., 2020)). Furthermore, the prolonged

contractile relaxation also was observed in mouse

cardiomyocytes and hiPSC-CMs (Figures 3D,J in (Toepfer

et al., 2020)). In addition, the dose-dependent decrease in

hypercontractility and myosin population in DRX due to

MAVA was observed in mouse cardiomyocytes and hiPSC-

CMs (Figures 3E,K in (Toepfer et al., 2020)). All in all,

Figure 3 in Toepfer et al. (2020) shows that HCM-induced

and drug induced effects on hiPSC-CMs are consistent with

the corresponding trend observed in mouse WT and R403Q

cardiomyocytes variants. Although, our priority in

calibration and validation of our results was using hiPSC-

CMs in vitro data wherever available, all the abovementioned

points imply that validation and calibration of HCM and

drug-induced results with cell lines other than hiPSC-CMs

are still valid and legitimate approaches.

Furthermore, as our computational model is 0D, it does

not explicitly account for the disorganization of sarcomeres

typical for hiPSC-CMs. This could be an interesting and

valuable future direction for HCM computational studies as

more experimental data becomes available.

Finally, the model can benefit from the inclusion of a

metabolite-sensitive formulation of the intracellular SERCA

pump, as a key ATP-dependent transporter. However, as the

focus of this work was sarcomeric cardiomyopathies we have

considered it out of scope here.

Conclusion

As cardiac precision medicine arises (Niederer et al., 2019;

Paci et al., 2021; Forouzandehmehr et al., 2022), the demand

for comprehensive computational models capable of

performing high throughput pharmacological investigations

heightens. This works proposes a novel metabolite-sensitive

computational model of hiPSC-CMs electromechanics with

demonstrated capacity to simulate sarcomeric

cardiomyopathies and the compounds directly affecting the

myosin dynamics considering the metabolic pathways. The

mechanistic method offered for simulating the effects of HCM

and drugs in this work lends insights upon the molecular

interactions in contractile function and advance our

pathophysiological understanding of the development of

future therapeutics for HCM.
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reports of HCM R403Q and R92Q mutations in animal mouse

models (Spindler et al., 1998; Abraham et al., 2013). Moreover,

the impaired coronary perfusion due to HCM has been related

to an abnormal energy reproduction that contributes to

elevation of ADP and Pi (Sequeira et al., 2019), which is

also consistent with conservation of phosphate and creatin

reaction (Tran et al., 2010). Congruently, the HCM mutation-

induced alterations in myofilament kinetics lead to increase in

ADP-mediated products (van der Velden et al., 2018).

Therefore, we increased the MgADP concentration within

physiological ranges (Tran et al., 2010). Notably, the Ca2+

dependence in the activation of myofilaments for HCM and

dilated cardiomyopathy has been shown to be altered in a

similar fashion due to OM and BLEB influence (Spudich,

2014), implying that the etiology of HCM includes a disturbed

actomyosin signaling. In addition, the underlying mechanism

of HCM-induced hypercontractility, including R403Q HCM,

has been explained in light of thick filament structural

alterations and the tension generation (Alamo et al., 2017;

Nag et al., 2017; Trivedi et al., 2018). Granted that, since with

change in ap2 coefficient (Table 2) the XB cycling machinery

could closely capture the HCM behavior (Figure 3), our model

potentially attributes the HCM-induced disturbed

interfilament signaling to a distortion-dependent forward

transition from XBpreR to XBpstR state and the subsequent

effect due to population of strongly bound XB states in the

steady-state condition. This could imply that the HCM-

induced disturbed actomyosin signaling might stem from a

misregulated isomerization of myosin heads from pre-rotated

to post-rotated force generating state affecting the strain

induced in the myosin neck region. Analogically, the same

process might explain how OM, BLEB, andMava contribute to

a new interfilament balance, restoring normal XB cycling

tension generation. This hypothesis based on our model

predictions could be insightful for accelerating the future

drug development for sarcomere cardiomyopathies and

mutation-specific HCM.

We have introduced a mechanistic solution to

incorporate the dose-dependent effect of Blebbistatin and

Omecamtiv mecarbil (Figure 4) consistent with experiments

(Kampourakis et al., 2018) focusing on ap2. Explicitly, the

inverse Hill function trend observed in dose-dependent

effects of OM and BLEB (Kampourakis et al., 2018) also

reflects in the values of ap2 coefficients obtained for the
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studied concentrations (Figures 4B–E). Moreover, changes in

F2, hf, and ap2 (Table 4) suggest that OM also favors the

rapid detachment of XBs as another contributor to the

disturbed actomyosin coupling involved in OM mechanism

of action. Furthermore, the accurate simulation of shortened

APD due to 1 µM OM combined with elevated basal ATPase

rate values further signifies that inclusion of metabolite-

sensitive transitions in the XB cycling of the CE cannot be

ignored in precision medicine, especially when simulating the

effects of drugs whose main mechanism of action impacts

ATPases.

Limitations and future works

The developed mathematical model naturally has some

limitations and potentials for advancements in the future

studies. Firstly, as we use ODEs instead of computationally

expensive PDEs, the cooperative spatial interactions between

regulatory proteins and XB action have been approximated

with a mean-field technique (Rice et al., 2008). Secondly, we

assumed that 0.5 µMMAVA restores the elevated MgADP and

Pi in HCM model variant to their basal values (listed in

Table 2). Although this assumption is consistent with

MAVA mechanism of action (Green et al., 2016), it is still
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contrast to the fatty acid-based metabolism of native
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of energetic dissimilarities is the differences between

surrounding medium in vitro vs. in vivo conditions. Given

these and as our model does not include energy production

process, we consider the metabolic differences out of the scope

of this work. As detailed in vitro data on hiPSC-CM

metabolism emerges, our modeling efforts serve as a solid

basis for the next phase of cardiomyocyte models with energy

production included.

The structural immaturity and special sarcomere

alignment and performance in hiPSC-CMs and its effect

on the HCM and drug-induced studies are important. The

core of our HCM variant and MAVA calibration is based on

hiPSC-CMs in vitro data obtained at day 30 post-

differentiation, indicating cardiomyocytes maturation

(Toepfer et al., 2020). In this work (Toepfer et al., 2020),

to validate the hiPSC-CMs finding regarding in vivo data, the

authors conducted parallel analyses on mouse HCM model

and human HCM cardiac tissues. The comparison revealed

that each HCM variant (HCM mice and hiPSC-CMs) caused

hypercontractility with respect to its WT model (Figure 3

C&I in (Toepfer et al., 2020)). Furthermore, the prolonged

contractile relaxation also was observed in mouse

cardiomyocytes and hiPSC-CMs (Figures 3D,J in (Toepfer

et al., 2020)). In addition, the dose-dependent decrease in

hypercontractility and myosin population in DRX due to

MAVA was observed in mouse cardiomyocytes and hiPSC-

CMs (Figures 3E,K in (Toepfer et al., 2020)). All in all,

Figure 3 in Toepfer et al. (2020) shows that HCM-induced

and drug induced effects on hiPSC-CMs are consistent with

the corresponding trend observed in mouse WT and R403Q

cardiomyocytes variants. Although, our priority in

calibration and validation of our results was using hiPSC-

CMs in vitro data wherever available, all the abovementioned

points imply that validation and calibration of HCM and

drug-induced results with cell lines other than hiPSC-CMs

are still valid and legitimate approaches.

Furthermore, as our computational model is 0D, it does

not explicitly account for the disorganization of sarcomeres

typical for hiPSC-CMs. This could be an interesting and

valuable future direction for HCM computational studies as

more experimental data becomes available.
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Key points: 

• Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) offer promising 
opportunities for investigating pathogenesis and mechanisms of action of pharmaceutical 
compounds in a human-based model. 

• Computational models of hiPSC-CMs can facilitate the extrapolation of drug effects and 
proarrhythmic risk assessment from hiPSC-CMs to hiPSC- and hV-CMs combined in vitro/in 
silico assays. 

• This work proposes a whole-cell hiPSC-CM model incorporating a reparametrized 
metabolite-sensitive SERCA and contractile element and a novel Oxygen dynamics 
formulation introduced to fit ischemia/reperfusion (I/R) pathophysiology. 

• Expanding the channel blocking formalism, we offer a novel model of Levosimendan action 
mechanism and study the effect of this anti-ischemic Ca2+-sensitizer compound, on the 
modeled I/R. 

• The model associates the metabolite and molecular dynamics to cell-level readouts and 
oxygen consumption rate prediction in I/R, characterizing the ionic and subcellular crosstalks 
in I/R-induced impaired contractility. 

 

Abstract 
Ischemic heart disease (IHD) stems from the mismatch in oxygen and nutrients supply and demand in 
the heart. Disturbed cardiac energetics and the intertwined mechanisms of ischemia/reperfusion (I/R) 
have raised growing interest toward I/R experiments using human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) due to the novel capabilities that organ-on-chip approaches offer 
in condition control and measurement modalities. Facilitated by the emerging in vitro hiPSC-CM I/R 
data, we developed a hiPSC-CM computational model including the electrophysiology, a metabolite-
sensitive SERCA pump and contractile element (CE) to investigate I/R mechanisms. We further studied 
the effect and action mechanism of a Ca2+ sensitizer drug, Levosimendan (Levo) that recently showed 
promising anti-arrhythmic effects in a hiPSC-CMs IHD-on-a-chip study. The model was validated using 
hiPSC-CM and animal in vitro data. Contribution of SERCA to the diastolic and contractile relaxation 
dysfunction in I/R was predicted similar to its mechanism in a sepsis-induced heart failure condition.  
Levo simulations revealed that the counteractive effect of the drug on the contractile relaxation 
dysfunction is due to the specific Ca2+ sensitizing mechanism of Levo through Ca2+ bound troponin C 
and the Ca2+ flux to the myofilament rather than SERCA phosphorylation blockade. This work 
introduces a novel I/R computational framework for the cardiac electro-mechano-energetic coupling 
in hiPSC-CMs, showing its deep-phenotyping and pharmacological potential. The model can serve as 
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Key points: 

• Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) offer promising 
opportunities for investigating pathogenesis and mechanisms of action of pharmaceutical 
compounds in a human-based model. 

• Computational models of hiPSC-CMs can facilitate the extrapolation of drug effects and 
proarrhythmic risk assessment from hiPSC-CMs to hiPSC- and hV-CMs combined in vitro/in 
silico assays. 

• This work proposes a whole-cell hiPSC-CM model incorporating a reparametrized 
metabolite-sensitive SERCA and contractile element and a novel Oxygen dynamics 
formulation introduced to fit ischemia/reperfusion (I/R) pathophysiology. 

• Expanding the channel blocking formalism, we offer a novel model of Levosimendan action 
mechanism and study the effect of this anti-ischemic Ca2+-sensitizer compound, on the 
modeled I/R. 

• The model associates the metabolite and molecular dynamics to cell-level readouts and 
oxygen consumption rate prediction in I/R, characterizing the ionic and subcellular crosstalks 
in I/R-induced impaired contractility. 

 

Abstract 
Ischemic heart disease (IHD) stems from the mismatch in oxygen and nutrients supply and demand in 
the heart. Disturbed cardiac energetics and the intertwined mechanisms of ischemia/reperfusion (I/R) 
have raised growing interest toward I/R experiments using human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) due to the novel capabilities that organ-on-chip approaches offer 
in condition control and measurement modalities. Facilitated by the emerging in vitro hiPSC-CM I/R 
data, we developed a hiPSC-CM computational model including the electrophysiology, a metabolite-
sensitive SERCA pump and contractile element (CE) to investigate I/R mechanisms. We further studied 
the effect and action mechanism of a Ca2+ sensitizer drug, Levosimendan (Levo) that recently showed 
promising anti-arrhythmic effects in a hiPSC-CMs IHD-on-a-chip study. The model was validated using 
hiPSC-CM and animal in vitro data. Contribution of SERCA to the diastolic and contractile relaxation 
dysfunction in I/R was predicted similar to its mechanism in a sepsis-induced heart failure condition.  
Levo simulations revealed that the counteractive effect of the drug on the contractile relaxation 
dysfunction is due to the specific Ca2+ sensitizing mechanism of Levo through Ca2+ bound troponin C 
and the Ca2+ flux to the myofilament rather than SERCA phosphorylation blockade. This work 
introduces a novel I/R computational framework for the cardiac electro-mechano-energetic coupling 
in hiPSC-CMs, showing its deep-phenotyping and pharmacological potential. The model can serve as 
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