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This dissertation discusses the use of computational models to understand possible 

mechanisms leading to ventricular tachycardia (VT) following cardiac regenerative 

therapies. We review the history of cardiac stem cell therapies and the current challenges 

being faced in Chapter 1. Particular emphasis is given to how computational models are 

a valuable tool for understanding VT mechanisms. Chapter 2 tests the hypothesis that VT 

following stem cell therapy can be explained by the evolution of graft-host coupling over 

time in novel computational slice models. These models are derived from 2D histology 

images of non-human primates that provide a realistic look at engrafted cell geometry. 

Chapter 3 explores how individual grafts and groups of grafts can affect arrhythmogenicity 

and looks at spatial parameters that may be important for future injection strategies. 



 
 

Chapter 4 examines how modulation of the intrinsic beating rate of stem cell-derived 

cardiomyocytes affects focal VT in three in silico human slice models. The work presented 

in this dissertation provides valuable insights into VT mechanisms and new toolsets that 

can be used to generate and test hypotheses that can be used by experimentalists and 

computational modelers alike.  
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Chapter 1: Benefits and Challenges of Cardiac Stem Cell Therapy  

1.1 Introduction 

Globally, ischemic heart disease continues to be a leading cause of death [1], manifesting 

as either myocardial infarction (MI) or ischemic cardiomyopathy [2]. During a MI, blood supply to 

the heart is reduced, leading to cardiomyocyte injury due to lack of oxygen [3]. For those that 

survive the initial MI, many patients still experience a decrease in quality of life [4]. This, in part, 

can be attributed to the heart’s limited regenerative response [5]. Following an ischemic event, 

non-contractile collagenous scar tissue replaces damaged myocardium over multiple weeks [6]. 

While scar tissue helps maintain the structural integrity of the heart, it also leads to arrhythmias, 

adverse ventricular remodeling, and eventual heart failure (HF) (Fig. 1.1) [6–11]. Currently, 

treatment options address patients’ symptoms but cannot restore the damaged myocardium apart 

from a heart transplant, where donors remain a limiting factor [12–14]. This has spurred many to 

research novel cardiac regenerative therapies to fulfill this need.  

 

Figure 1.1: Myocardial infarction leads to left ventricular wall thinning and dilation.  
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 Over the past two decades, many cell types have been tried as potential cell-based cardiac 

regenerative therapies, but none have been proven effective in human clinical trials as of 2024 

[15]. More detailed reviews of these cells and their clinical trials can be found elsewhere [16–18]. 

This review highlights the use of human pluripotent stem cell-derived cardiomyocyte (hPSC-CM) 

as a cardiac regenerative cell therapy and the challenges that have arisen. We will also discuss 

the use of computational modeling to increase our mechanistic understanding of the 

electrophysiology of this proposed therapy. 

 

1.2 HPSC-CMs Can Repair the Heart 

 In 1994, Soonpaa et al. discovered that fetal cardiomyocytes injected into the myocardium 

of mice could engraft and form intercalated disks with the adult cardiomyocytes, indicating 

electrical coupling [19]. These findings led to multiple decades of research to find a human cell 

type capable of cardiac regeneration [20,21]. Today, hPSC-CMs from either embryonic or human-

induced origins have become a desired source for cardiac regenerative therapies due to the ability 

of stem cells to endlessly self-renew and differentiate into desired cell types, such as 

cardiomyocytes (Fig. 1.2) [22,23]. 

 

 

Figure 1.2: hPSC-CM can come from differentiating either a patient’s somatic cells that are 

reprogrammed into a stem cell (hiPSC) or from a human blastocyst where embryonic stem 

cells (hESC) are isolated.   
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1.3 Transplantation Methods  

Multiple transplantation strategies have been explored, including intravenous injection, 

intracoronary injection, tissue patches, and cardiomyocyte spheroids [20,24–28]. Epicardial 

patches and intramyocardial injections are the most popular and well-studied approaches [24,29–

33]. This review will focus on engineered cardiac tissue patches and intramyocardial injections 

(Fig 1.3).  

 

Figure 1.3:  Two of the common methods of used for cardiac stem-cell therapy are cardiac 

patches and injections A) Cardiac tissue patches are applied to the epicardial surface. B) 

Cardiac injections can be administered to either the endocardium or epicardium.  

 

1.3.1 Engineered Cardiac Tissue Patches  

A cardiac tissue patch is an organized collection of cardiac cells grown in a lab that function 

as a tissue-like structure capable of generating contractile force [34]. While there are many types 

of cardiac tissue patches, we will focus on engineered heart tissues (EHT) and cardiac cell sheets. 

EHTs are 3D structures made by casting cardiac cells and a biomaterial scaffold into molds to 

form a tissue [29]. Cell sheets, on the other hand, are made up of confluent monolayers cultured 

on temperature-sensitive polymers that allow sheets to be released without the need for 

enzymatic digestion or scaffolding [35]. These intact monolayers can then be stacked to form 3D 
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tissues with preserved cell-to-cell attachment [36]. Both EHTs and cell sheets have been shown 

to improve cardiac function following MI in multiple animal models [29,37–41]. One of the 

significant advantages of cardiac tissue patches is tissue engineering techniques are used to 

manipulate the cell microenvironment to create functional cardiac tissues composed of multiple 

cell types [42]. Electrical and mechanical stimulation can also be applied to increase cell 

alignment and improve mechanical and electrical properties [43–45]. Some work has been done 

to create parches that One of the disadvantages of using a patch is it requires more invasive 

surgical placement. Most patches are applied to the epicardial wall and are attached using sutures 

or adhesive. This can create a fibrotic layer between the patch and host myocardium, preventing 

electrical integration [20,29,46]. At this time, it is unknown how detrimental the lack of electrical 

integration may be. It has also be observed by some using this method that cells do not survive 

past 30 days but still provide a physiological benefit [47,48]. Thus, more work is needed to identify 

the exact mechanism for the observed cardiac improvement. 

 

1.3.2 Intramyocardial Injection  

Transplantation of hPSC-CMs using dispersed cell suspensions injected via a needle into 

damaged myocardium is another method that has been well-established in multiple pre-clinical 

animal models [49–53]. In these models, the cells can partially remuscularization and restore 

some cardiac function following an acute MI [49–56]. One significant advantage of this approach 

is its simplicity [37]. This methodology can be applied to a wide variety of patients because it can 

be administered using a catheter-based system or through epicardial injections [46,49,51,55]. 

Additionally, injecting cells directly into the host myocardium has been shown to facilitate 

electromechanical coupling between hPSC-CM grafts and host myocardium, which may prove 

advantageous [46,49,50,54]. One disadvantage of this technique is that only a small fraction of 

cells injected into the myocardium survive and engraft due to an initial cell die-off and washout 
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[57]. Pro-survival cocktails have been created to improve cell viability [57]; however, large 

quantities of cells may still be needed to achieve a clinically relevant dose. Various cell doses 

have been tested in a variety of animal models. To our knowledge, the highest dose that has been 

tested was over 1 billion cells injected in non-human primates (NHPs). This amount resulted in 

extensive engraftment and promising remuscularized host myocardium that could be translated 

to patients [50].  

 

1.3.3 Human Clinical Trails  

As of 2024, four human clinical trials are taking place in the US, Japan, and China using 

hPSC-CM injections [58–61]. All four trials are being conducted in chronic heart failure patients 

with a left ventricular ejection fraction of less than 45%. Interestingly, the doses reported are 

also lower than those that have been tested in animal models (Table 1.1).  

Trial Name Clinical 
Trials ID  

Location, 
Sponsor 

Patient 
Population 

Cell Dosage and Type 

A Study of iPS Cell-derived 
Cardiomyocyte Spheroids 
(HS-001) in Patients With 
Heart Failure (LAPiS Study) 
[58] 

NCT04945018 Japan, 
Heartseed 
Inc 

Severe HF 
secondary to MI 

50/100 million (M) hiPSC-CM 
spheroids injected via 
spheroids dedicated needles 
for implantation and guided 
adaptors 

Human Embryonic Stem 
Cell-Derived 
Cardiomyocyte Therapy for 
Chronic Ischemic Left 
Ventricular Dysfunction 
(HECTOR) [59] 

NCT05068674 USA, 
Stanford 
Hospitals 
and Clinics 

Chronic Ischemic 
Left Ventricular 
(LV) Dysfunction 
secondary to MI 

hESC-CMs  50 M, 150 M, or 
300 M cells delivered over 10 
injections 

Treating Heart Failure With 
hPSC-CMs (HEAL-CHF) 
[60]  
 

NCT03763136 China, Help 
Therapeutics 

Chronic LV 
dysfunction and 
indication for 
coronary artery 
bypass grafting 
(CABG) 

Injection of 200 million 
allogenic hiPSC-CMs during 
CABG procedure 

Treating Congestive HF 
With hiPSC-CMs Through 
Endocardial Injection [61] 

NCT04982081 China, Help 
Therapeutics 

Progressive heart 
failure patients 
who have 
received regular 
treatment 

100/400 M allogenic iPSC-
CMs delivered via 
transcatheter endocardial 
injection  

Table 1.1: Clinical trials using hPSC-CM to treat heart failure 
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1.4 Challenges  

1.4.1 Maturity 

The inability to uniformly control the maturation of hPSC-CMs remains a significant 

concern for cell-based cardiac regenerative therapies. When differentiating hPSC-CMs in vitro, 

the media lacks the physical and environmental cues to homogenize the population, resulting in 

cells with varied shapes, sizes, and electrical properties [62]. When comparing adult ventricular 

cardiomyocytes and hPSC-CMs, the expression level of primary ionic current differs. For 

example, hPSC-CMs can spontaneously beat due to high levels of “funny” current (If) and lower 

levels of inward rectifier potassium current (IK1), leading to a more positive (-60 mV) minimum 

diastolic potential (MDP). Adult ventricular cardiomyocytes, on the other hand, are quiescent and 

only electrically excited when depolarization of a neighboring cell causes the membrane of the 

next cell to reach the activation threshold [62]. The resting membrane potential of adult ventricular 

cardiomyocytes is also much more negative (-90 mV). More detailed reviews of hPSC-CM 

maturity can be found elsewhere [62–64]. 

To overcome this lack of maturity, many researchers have tried various methods to 

promote maturation ranging from longer culture times, electrical stimulation, and alteration of the 

tissue culture environment. In a study by Herron et al., culturing hPSC-CMs on a soft 

polydimethylsiloxane (PDMS) surface enhanced the structural and functional maturity of the cells 

in vitro [65]. Using this idea, Dhahri et al. investigated how increasing hPSC-CM maturity could 

improve engraftment in a guinea pig MI model. They found that culturing their cells on PDMS-

lined roller bottles before engraftment improved cardiomyocyte alignment, decreased hPSC-CM 

spontaneous electrical activity, increased gap junction formation with the host myocardium, and 

improved host-graft electromechanical integration compared to cells grown on tissue culture 

plastic alone [52]. These studies show one of many potential methods to improve the safety profile 
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of hPSC-CM-based cell therapies, but evaluation of these methods in larger animal studies is 

needed. 

 

1.4.2 Proarrhythmic Activity 

Arrhythmias following the transplantation of hPSC-CMs are another major concern. In 

large animal models such as NHP and pigs, ventricular tachycardias (VT) have been observed 

following the injection of hPSC-CM. While VT can be well tolerated in NHPs [49,50], in pigs, it can 

lead to ventricular fibrillation and cardiac death [51,54]. These arrhythmias have impeded the 

translation to human clinical trials of large-dose hPSC-CM injections until a better safety profile 

can be established.  

Recent attempts to make hPSC-CM injection safer have included pharmacologic 

treatment and genetic modifications to the hPSC-CMs. In a paper by Nakamura et al., clinically 

available antiarrhythmics were tested to mitigate the risk of VT in an infarcted pig model. After 

screening seven antiarrhythmics, the researchers found amiodarone and ivabradine to be the 

most promising drug candidates. Amiodarone is a class III antiarrhythmic drug that blocks the 

potassium channel. Ivabradine is a class 0 antiarrhythmic that inhibits pacemaker activity leading 

to heart rate slowing. All animals that received hPSC-CM developed VT; however, combining 

these two drugs in the treatment group enhanced survivability. This drug combination prevented 

cardiac death and unstable VT in all nine subjects compared to 3/8 in the untreated group [51]. 

These findings indicate that these two antiarrhythmics could help make hPSC-CM engraftment 

safer.  

In another recent work by Marchiano et al., the authors hypothesize that spontaneous 

depolarizations within engrafted hPSC-CMs were the source of VT. To reduce VT burden, the 

authors sought to either knock out or overexpression ion channels to make the action potential of 

the hPSC-CMs more adult ventricular-like. They found that knocking out genes specific to funny 
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channel (HCN4), T-type calcium (CACNA1H), and the sodium-calcium exchanger (SLC8A1) in 

combination with overexpression IK1 (KCNJ2) did not result in VT when injected into the 

myocardium of uninjured pig hearts [66]. While this study was not conducted in infarcted hearts, 

it showed promising results to increase the safety profile of this therapy and warrant further 

investigation.  

 

1.5 Multiscale Computational Modeling of hPSC-CM and VT 

While traditional experimental approaches are essential to understanding the effects of 

hPSC-CM as a stem cell therapy, computational models are another important tool that help us 

explain electrophysiology phenomena at multiple scales. Computational modeling allows for a 

multiscale approach with precise control over sub-cellar kinetics and tissue geometry. Using a 

system of ordinary differential equations (ODEs), individual ion channels and their kinetics can be 

represented at the sub-cellular scale. Mathematical cell scale model of the action potential (AP) 

for the different cell types, such as scar, adult cardiomyocytes, and hPSC-CMs can then be 

generated. These cell models can then be applied to tissue and organ meshes with patient-

specific or prescribed geometries to investigate how tissue heterogeneity can affect arrhythmia 

propensity (Fig. 1.4) [67,68].  
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Figure 1.4: Hierarchy of multiscale electrophysiology modeling. A) Representative image of 

modeling a sodium ion channel. Sample equations for a Hodgkin-Huxley formulation of rapid 

sodium current are shown. B) Schematics of a two-compartment ionic model. C) Heterogeneous 

spatial pattern of hPSC-CM graft (green), host myocardium (blue), and scar (grey).  

 

1.5.1 Cell Scale 

At the cell scale, multiple hPSC-CM cellular ionic models have been created [69–71]. Paci 

et al. and its subsequent updates have created a two-compartment atrial and ventricular-like 

hPSC-CMs model using a single comprehensive data set [71–73]. Similarly, Kernik et al. created 

a two-compartment whole cell hPSC-CM electrophysiology model that leveraged multiple data 

sources and in vitro kinetics to better represent the diverse phenotypes found in experimental in 

vitro cell populations [69]. Koivumäki et al. created a more biophysically detailed hPSC-CM model 

to more realistically represent calcium handling and dynamics [70]. However, this model is 

relatively computationally expensive, limiting its scalability to the tissue and organ scale 

simulations [74]. 
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1.5.2 Tissue and Organ Scale 

The arrhythmogenic effects of engrafted hPSC-CMs have also been investigated at the 

tissue and organ scale. Yu et al. created a multi-scale modeling framework to study focal and 

macro-reentrant mechanisms of VT in human ventricular MI models [75]. To model VT from 

injected hPSC-CMs, a heterogenous spatial distribution was created by varying the volume of 

tissue occupied by hPSC-CMs and the number of clusters generated. They found that focal VT 

from intramyocardial injection was highest when the cell dose and the number of clusters were 

high and delivered at the infarct boundary. This study also modeled hPSC-CM cell sheets applied 

to the epicardial surface and found the sheet could function as a substrate for reentry, where pre-

treatment reentry was not observed [75].  

 In the follow-up study, Yu et al. explored both focal and re-entrant VT mechanisms 

resulting from remuscularization via an hPSC-CM patch in post-MI human heart models [76]. They 

found reentrant drivers dominated over focal mechanisms. Graft automaticity was suppressed by 

sinus rhythm, leading the authors to conclude that focal sources are unlikely to contribute to VT 

in their models. They also explored how patch location affected VT burden in patient-specific post-

MI substrates. Some areas drastically elevated VT inducibility and burden, while others did not 

[76].  

In another recent study, Yu et al. created a new biophysically detailed computational model 

of the intercellular junctions between graft and host cells to assess focal VT mechanisms (66) 

further. This study examined the consequences of different graft conductivities and found that 

ectopic beat propagation was reduced by increased coupling between graft and host. However, 

the observed ectopic beats never exceeded the intrinsic automaticity rate of ~96 bpm. Due to this 

slow graft-induced focal beating rate, the authors concluded that a reentrant driver mechanism is 

more likely to contribute to the clinically observed rapid VT [77].  
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In a different study, Fassani et al. created a framework to look at various EHT patch design 

components that could influence electrical activation. This study found that EHT patch 

conductivity was the main parameter influencing electrical propagation. A physiologic activation 

pattern could also be achieved by increasing the conductivity of the patch; however, it could 

promote proarrhythmic behavior [78].  

Work from our lab and the focus of this dissertation has been to create a computational 

framework for testing and understanding focal arrhythmia mechanisms following the engraftment 

of hPSC-CMs. In Chapter 2, we tested our hypothesis that VT may be explained partially by time-

varying, spatially heterogeneous, graft-host electrical coupling using 2D histology-derived slice 

models. We found that our models could recapitulate the “wax and wane” phenomenon of VT as 

graft-host coupling progressively increased and that VT burden was reduced as cell-cell coupling 

within the graft was also increased [79]. In Chapter 3, we examined how different geometric 

combinations of grafts could affect the overall arrhythmogenic overserved in our simulations but 

symmetrically removing selected grafts from our slice models. We found that individual grafts in 

isolation can be arrhythmogenic but to varying degrees that appear to depend on the tortuosity of 

graft boundaries, graft-host proximity, and total graft area.  In Chapter 4, we explore the impact 

that varied intrinsic hPSC-CM beating rates can have on VT inducibility in 2D human slice 

geometries.  
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Chapter 2: Graft-Host Coupling Changes Can Lead to Engraftment 

Arrhythmia1: A Computational Study  

With text and figures from Journal of Physiology DOI: 10.1113/JP284244  

2.1 Abstract 

After myocardial infarction (MI), a significant portion of heart muscle is replaced with scar tissue, 

progressively leading to heart failure. Human pluripotent stem cell-derived cardiomyocytes 

(hPSC-CM) offer a promising option for improving cardiac function after MI. However, hPSC-CM 

transplantation can lead to engraftment arrhythmia (EA). EA is a transient phenomenon arising 

shortly after transplantation then spontaneously resolving after a few weeks.  The underlying 

mechanism of EA is unknown. We hypothesize that EA may be explained partially by time-varying, 

spatially heterogeneous, graft-host electrical coupling. Here, we created computational slice 

models derived from histological images that reflect different configuration of grafts in the infarcted 

ventricle. We ran simulations with varying degrees of connection imposed upon the graft-host 

perimeter to assess how heterogeneous electrical coupling affected EA with non-conductive scar, 

slow-conducting scar, and scar replaced by host myocardium. We also quantified the effect of 

variation in intrinsic graft conductivity. Susceptibility to EA initially increased and subsequently 

decreased with increasing graft-host coupling, suggesting the wax and wane of EA is regulated by 

progressive increases in graft-host coupling.  Different spatial distributions of graft, host, and scar 

yielded markedly different susceptibility curves. Computationally replacing non-conductive scar with 

host myocardium or slow-conducting scar, and increasing intrinsic graft conductivity, both 

demonstrated potential means to blunt EA vulnerability. These data show how graft location, 

especially relative to scar, along with its dynamic electrical coupling to host, can influence EA 

 
1 Engraftment arrhythmia (EA) is a term that some labs use to refer to VT following stem cell engraftment  
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burden; moreover, they offer a rational base for further studies aimed to define the optimal delivery 

of hPSC-CM injection. 

 

2.0 Graphical Abstract: EA following hPSC-CM injection can be explained in part by spatially 

and temporally heterogeneous graft to host electrical coupling. EA propensity can be exacerbated 

by weak intra-graft cell-cell coupling or by graft proximity to non-conductive infarct; conversely, it 

can be mitigated by graft proximity to weak-conducting scar or by strong intra-graft cell-cell 

coupling.  
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2.2 Introduction  

Myocardial infarction (MI) is a global health burden and the leading cause of death 

worldwide [80]. The regenerative capacity of the human heart decreases soon after birth [5,81], 

and muscle tissue lost after MI is replaced by non-contractile scar tissue [6,11,82]. This leads to 

detrimental structural remodeling and heart failure (HF), which is common following MI [80,83–

85]. Current HF treatment options focus on symptom management and delaying disease 

progression, but these strategies fail to solve the underlying issue of damaged myocardium, 

namely replacement of functional myocardium with fibrosis [86]. Heart transplantation remains 

the ultimate option, but this procedure is limited by the number of donor hearts available [12]. 

Thus, there is a pressing need for regenerative-based cardiac therapies [87,88].  

 Human pluripotent stem cell-derived cardiomyocytes (hPSC-CM) represent a promising 

candidate for cardiac regenerative cell-based therapies. Pre-clinical studies have shown that 

hPSC-CM limited adverse remodeling of the heart while also improving ventricular function 

[52,53,87–89]. However, after transplantation in large animal models (e.g., pigs and non-human 

primates [NHP]), this therapeutic approach leads to transitory but serious cardiac arrhythmias, 

defined as engraftment arrhythmia (EA) [49–51,54,90]. Electrical mapping studies suggest EA is 

focal in nature, with ectopic excitations originating at the sites of hPSC-CM implantation 

[49,51,54,91]. This notion agrees with the immature profile of hPSC-CM that, like embryonic 

cardiomyocytes, exhibit automaticity (i.e., the ability to spontaneously depolarize and generate 

action potentials) [62,92,93]. EA burden becomes detectable as graft starts to electromechanically 

couple with host cells (within ~1 week), and it peaks to occupy > 50-75% of day, around two-

weeks post-treatment. These arrhythmias persist for multiple weeks while the burden 

progressively wanes before resolving [49,54]. It is still mechanistically unclear, however, how 

spontaneous excitations in a relatively small number of transplanted hPSC-CM can serve as a 

rapid-firing bioelectric source that elicits propagating responses in the dense, well-coupled current 

sink of host myocardium. Previous studies have shown that expression of the proteins mediating 
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mechanical and electrical coupling between host myocardium and grafts, such as N-cadherin and 

connexin43, are progressively up-regulated and localized to nascent intercalated disks with 

maturation. In turn, maturation is accelerated after in vivo transplantation, compared to in vitro 

culture [56,62,94]; however how this upregulation in proteins is related to EA propensity remains 

poorly understood.  

 Computational cardiology has emerged as a useful tool to gain mechanistic insights into 

arrhythmia initiation and perpetuation at various spatial scales [78,95,96]. Cell-, tissue-, and 

organ-scale computational models have helped to understand arrhythmias in ways difficult to 

achieve through traditional experimental or clinical techniques [97–99]. Prior computational 

modeling work suggests reentrant mechanisms may play a role in EA onset [75,77], but those 

studies assumed a continuum of graft-host electrical coupling and were unable to recapitulate the 

key observation from pre-clinical animal studies that showed EA is focal in nature. The 

development of histology-based computational tools that can reconcile this apparent contradiction 

will lead to a better understanding of EA and may lead to new strategies for mitigating side effects 

in cell-based heart regeneration therapies. 

 In this study, we created computational models from 2D-histological images of engrafted 

hPSC-CM to better represent the spatial distribution of graft, host, and scar tissue. Simulations 

were conducted in these models to assess how heterogeneous graft-host electrical coupling 

affects EA propensity. Specifically, we examined the role played by spatiotemporal evolution of 

coupling along boundaries between hPSC-CM and host myocardium regions. We hypothesized 

that temporal dynamics of EA in pre-clinical studies (i.e., delayed onset post-engraftment, 

eventual resolution) can be explained partially by the formation of graft-host electrical connections 

in a gradual, spatially heterogeneous manner. To model this, we used ventricular slice models 

derived from histological images [49], and stochastically modified graft-host coupling patterns to 

comprehensively test thousands of plausible combinations. In each configuration, EA propensity, 

intended as the possibility of graft-host ectopic excitation, was evaluated during its evolution: from 
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the time of hPSC-CM injection to fully integrated grafts. Finally, we examined how the presence 

or absence of scar tissue modified graft arrhythmogenicity in the same ventricular slice models.  

 

2.3 Methods 

2.3.1 Ethical Approval 

The histology images used in this study were derived from infarcted macaque hearts that 

came from a previous study [49]. All procedures and protocols used for the animals in that study 

complied with the NIH Guidelines for the Care and Use of Laboratory Animals and the Animal 

Welfare Act. Ethical approval was obtained from the University of Washington Animal Care and 

Use Committee. Animals are housed in the primate center facility of the University of Washington 

Department of Comparative Medicine and monitored by University of Washington’s staff 

veterinarians. All activities involving animals are reviewed and approved by the University of 

Washington’s Institutional Animal Care and Use Committee (IACUC, protocol number 448602).  

2.3.2 Histology-based slice models 

Five unique histology images from post-MI ventricles of two macaque NHPs three months 

following hPSC-CM injection were used to reconstruct two-dimensional slice models [49]. Models 

1-2 came from one NHP; Models 3-5 came from a second animal. The histology approach has 

been described previously [49]. Briefly: human cardiac troponin I staining was used to visualize 

hPSC-CM graft; picrosirius red and fast green stains were used to delineate regions of collagen 

(i.e., infarct or scar, red), and healthy myocardium (green), respectively (Fig. 2.1 A). Images for 

each stain were aligned in imaging software (GNU Image Manipulation Program) and color 

thresholding was used to create four bins (graft, scar, myocardium, non-cardiac) (Fig. 2.1 B). 

Thresholded images were loaded into 3D modeling software (Blender). Using the thresholded 

images as a reference, slice models were constructed using triangles with an edge length of ~50 

µm. Each region (graft, host, and scar) was assigned to its respective vertex groups. Finally, the 
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points interconnected by region-labeled triangles were exported, then converted to a format 

compatible with our finite element modeling software (Fig. 2.1 C). The number of nodes and 

triangular finite elements for each model can be found in Table 1. 

 

 

Figure 2.1: Deriving slice models from histological images of post-MI macaque ventricles. 

A) Example histology images used to generate slice model. Left: Human Cardiac Troponin I 

stained for graft. Right: Fast Green stained for myocardium and Picrosirius Red stained for 

collagen (i.e., scar). B) Example thresholded image. Areas that are within the tissue boundary but 

are delineated as neither scar nor graft are deemed host myocardium. C) Example slice model 

with grafts outlined in orange. All scale bars: 5 mm.  
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 Myocardial fibers are helically wound within the ventricular wall, with fiber axes ranging 

from –60 at the endocardium to +60 at the epicardium relative to the transverse short axis.  

Histological sections here were taken after sectioning the heart in the transverse plane, from the 

apex to the base; this poses a substantial challenge in reconstructing the orientation of the fibers 

from histology images [100,101]. For this reason, we used a mathematical approximation to 

represent idealized fibrous structure for each slice model used in this study. Our guiding 

assumption was that fibers should be tangential to the surface at the epicardial and endocardial 

walls and vary smoothly in between. First, we solved the Laplacian equation (𝐹 =  ∇ଶ𝜙 = 0) with 

Dirichlet boundary conditions imposed at the endocardium (𝜙 = 0) and epicardium (𝜙 = 1). 

Second, we calculated the gradient of this field (∇𝐹) to produce a map of radial vectors on each 

triangle in the model domain. Finally, we rotated these element-wise vectors 90º in-plane to 

produce the field approximating myocardial fiber orientations (see examples in Figs. 2.2A-B). 

 

 Number of Nodes Number of Elements 

Model 1 52446 103523 

Model 2 80419 158908 

Model 3 67061 131027 

Model 4 52823 103135 

Model 5 47193 92475 

Table 2.1: Finite element mesh properties for models used in this study.  
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Figure 2.2: Illustration of the process used to map myocardial fiber orientations into each 

model. Vectors (black arrows) show fiber orientations calculated using the Laplacian-based 

approach (see text). Color map shows the solution to the Laplacian problem with boundary 

conditions imposed on the endocardial (φ = 0) and epicardial (φ = 1) surfaces. A) Model 1. B) 

Model 3. 

 

2.3.3 HPSC-CM differentiation and characterization by RTqPCR 

RUES2, a human embryonic stem cell (hESC) line, was differentiated into CMs (hESC-

CMs) through small molecules that modulate Wnt pathway: briefly, hESCs are treated with 

CHIR99021 (Wnt agonist) to initiate direct differentiation and the Wnt antagonist WNTC59 to 

induce cardiomyocytes state after mesoderm formation [102]. Fourteen days after the induction 

of cardiac differentiation, RNA from hESC-CMs was harvested using RNAeasy Mini kit (QIAGEN) 

according to manufacturer’s instruction. RNA was then retro-transcribed using M-MLV RT kit 

(Thermofisher), and RT-qPCR was performed with SYBR Select Master Mix (Applied Biosystem). 

Reactions were run on a CFX384 Real-Time System (Biorad), and data were analyzed using the 

ΔΔCt method using HPRT1 (hypoxanthine-guanine phosphoribosyl transferase 1) as the 

housekeeping gene. Primers were designed using PrimerBlast and confirmed to amplify a single 

product. Primer sequences (5’  3’): HPRT1 (FWD: TGACACTGGCAAAACAATGCA, RVS: 
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GGTCCTTTTCACCAGCAAGCT); KCNJ2 (FWD: GTGCGAACCAACCGCTACA, RVS: 

CCAGCGAATGTCCACACAC); HCN4 (FWD: GATCCTCAGCCTCTTACGCC, RVS: 

CCCCAGGAGTTGTTCACCAT); SLC8A1 (FWD: AGACCTGGCTTCCCACTTTG, RVS: 

TGGCAAATGTGTCTGGCACT).  

 

2.3.4 Modeling of Varied Graft-Host Coupling 

We modeled differences in graft-host coupling using a discontinuous finite element 

method [103]. From the starting point of a continuous boundary that uniformly allows passage of 

electrical current between graft and surrounding tissue, a subset of edges shared between graft 

and host finite elements (triangles) is identified for disconnection. For this part of the boundary, 

finite element edges and nodes are duplicated such that current flux between the adjacent 

triangles is no longer possible (Fig. 2.3 A). Since the timing and spatial pattern with which graft-

host coupling evolves during engraftment is not well understood, we used a stochastic approach 

to examine a wide variety of potential electrical coupling configurations. In each model, for 24 

distinct values of graft-host connectedness level (pc) – 2.5% to 60% in steps of 2.5% – we used 

random edge selection to generate 40 unique variants in which exactly that proportion of 

boundaries were disconnected (see examples in Fig. 2.3 B). pc values above 60% were never 

tested since graft-host excitation was never observed in that parameter range. The pc constraint 

was imposed on a graft-by-graft basis (i.e., in a model with several distinct “islands” of graft, the 

same proportion of boundary was modeled as electrically conductive in each of them).  
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Figure 2.3: Schematic of how graft-host coupling was varied. A) Schematic illustrating 

continuous vs. discontinuous finite element modeling. B) Two example permutations each are 

shown for pc levels of 5%, 20%, and 50% connected. Each image has regions of graft (green), 

host (blue), and scar (grey) labeled. Edges of graft connected to surrounding tissue are shown 

with orange lines and edges that are disconnected are shown with black lines.  
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2.3.5 Cell- and tissue-scale electrophysiological modeling  

In graft tissue regions, we used an existing model of hPSC-CM membrane kinetics [69] 

with two modifications (Fig. 2.4 A). These modifications were motivated by several experimental 

observations. First, EAs originate from graft and cause heart rates much faster (>5Hz) than the 

intrinsic rate of the Kernik model (1.1 Hz) or published experimental in vitro data [49,54,70]. 

Second early stage hPSC-CM, similar to those used in transplanted hearts, have a less negative 

minimum diastolic potential ([MDP] between -68 mV and -57 mV) [62,94] compared to the Kernik 

model (MDP = -75.826 mV). Lastly, our in vitro hPSC-CM, analyzed by real-time quantitative PCR 

(RTqPCR), showed low expression of KCNJ2 (the gene encoding for Kir2.1, the channel 

corresponding to inward rectifier potassium channel (IK1); Fig. 2.4 B), compared to HCN4, 

CACNA1H (encoding for Cav3.2), and SLC8A1 (encoding for NCX1). All three of these channels 

are involved in AP formation in immature cardiomyocytes [62,92,104]. This observation is 

consistent with prior work showing that inward rectifier potassium channel (IK1) is barely 

detectable in immature cardiomyocytes, like hPSC-CM [62,105]. Accordingly, we removed IK1 from 

the model and doubled the conductance associated with the HCN4-mediated “funny” current (If). 

The latter change was motivated by the fact that If is among the most important drivers of 

pacemaker activity and controls the diastolic membrane potential, together with IK1 [106–108]. 

These two changes led to a markedly faster spontaneous beating rate (~1.9 Hz), but the effect 

on MDP was less dramatic (-72.096 mV; Fig. 2.4C). We modeled membrane kinetics of host 

myocardium using the Ten Tusscher et al. human ventricular ionic model [109] since there is no 

published model of NHP cardiomyocyte electrophysiology. For ease of reproducibility, all cell-

scale initial conditions were identical to those used in the published version of the Kernik et al. 

model.  
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Figure 2.4: Modifications made to published hPSC-CM model. A) Schematics showing 

modifications made to ionic model. IK1 was blocked and If was doubled. B) RTqPCR analysis of 

wild type hPSC-CMs at day 14 after differentiation. Data shown as mean (SD) of 3 independent 

biological replicates. HK = Housekeeping gene. Statistical differences are reported by one-way 

ANOVA with Sidak correction. Bolded p values denote statistical significance. C) Action potential 

traces of published model (black) compared to modified model (red). The spontaneous beating 

rate of modified model showed an increased beating rate of 1.9 Hz compared to 1.1 Hz in the 

published model. 

 

 At the tissue scale, a finite-element approximation of the monodomain formulation was 

used to govern the propagation of electrical activity [110,111]. Partial differential equations were 

solved to describe electrical current flow in the myocardium; ordinary differential and algebraic 

equations were solved to represent membrane kinetics (as described in the preceding section) at 

each finite-element node. This approach has been used in many other studies examining cardiac 

arrhythmia mechanisms [112–115]. As in prior work [98], conductivity tensor values in the 

longitudinal and transverse directions with respect to fiber orientation were set to σL = 0.255 S/m 

and σT = 0.0775 S/m, respectively. hPSC-CM graft islands were modeled with isotropic 

conductivity (i.e., no difference between longitudinal and transverse directions). Since intra-graft 

conduction velocity in hPSC-CM islands remains poorly characterized but is presumed to be 

slower than in the longitudinal direction in host myocardium [52], we assigned a baseline 
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conductivity value identical to σT (i.e., σhPSC-CM = 0.0775 S/m). We ran additional simulations with 

this parameter adjusted by 4×, 2×, ½×, or ¼× to examine a range of plausible conditions. Scar 

was modeled either as a non-conductive insulator [116] or as slow-conducting passive tissue (i.e., 

pure electrical sink) [78,117]. To avoid spurious scar-to-host excitations from electrotonic current, 

we set the resting potential of slow-conducting scar to match that of the human ventricular ionic 

model (–85.8 mV) [109]. Additionally, we sought to explore how the absence of infarct might 

influence EA propensity. In these cases, cell- and tissue-scale electrophysiological properties of 

regions previously tagged as “scar” were indistinguishable from host myocardium. In all 

simulations, no external pacing was applied. To summarize each model’s EA susceptibility, we 

extracted metrics from graphs of EA incidence as a function of coupling: area under the curve 

(AUC) to quantify EA burden; window of vulnerability (WOV) to reflect the range of pc values within 

which EA occurred.  

 

2.3.6 Identifying earliest activation sites 

For each simulation resulting in graft-initiated host excitation, we identified the earliest 

activation sites that led to full-blown propagating wavefronts in the host myocardium. To do this, 

we identified the time at which activation occurred distal to the graft and worked backward to 

identify the origin. This approach avoided incorrect identification of false positive breakthrough 

sites where spontaneous activity in the graft caused subthreshold depolarization in coupled host 

tissue.  

2.3.7 Computational resources  

This work was facilitated through the use of advanced computational, storage, and 

networking infrastructure provided by the Hyak supercomputer system at the University of 

Washington. Simulations of bioelectrical activity were conducted using openCARP [118] and the 
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resulting data were visualized using the meshalyzer tool by Dr. Edward J. Vigmond; both of the 

latter are freely available for non-commercial reuse (see: http://opencarp.org/).  

 

2.3.8 Statistics 

For the in vitro experiment (RTqPCR Fig. 2.4B), the number of biological replicates is 

intended as independent batches of hPSC-CM differentiation. For multiple group comparison, 

one-way ANOVA with Sidak correction was used as statistical analysis. Difference was considered 

statistically significant when p < 0.05. 

 

2.4 Results 

2.4.1 Arrhythmogenic propensity as a function of graft-host coupling 

We first wanted to understand graft behavior in the context of full isolation from 

(connectedness level [pc] = 0% connected) or full coupling (pc = 100%) with the surrounding 

myocardium. When fully decoupled, isolated grafts beat spontaneously but never initiated a 

response in the host (Fig. 2.5 A). When grafts were fully connected to surrounding tissue, 

spontaneous depolarization was suppressed due to dissipation of excitatory current in the well-

coupled electrical sink of surrounding myocardium [119]. As shown in Fig. 2.5 B, the tissue quickly 

returned to a quiescent state. We then tested many intermediate configurations of partial graft 

coupling that created a milieu in which graft-initiated host excitation occurred. Figure 2.5 C shows 

an illustrative example where a pc = 5% gave rise to conditions favorable to graft-initiated host 

excitation. For the example shown, the leading pacemaker site was in the upper right-hand corner 

of the large graft, and the resulting wavefront followed the path indicated by the blue arrow before 

breaking through into host myocardium (white asterisk). 
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Figure 2.5: Fully coupled graft-host myocardium does not facilitate any graft-initiated host 

excitation. A) Fully isolated grafts beat spontaneously in isolation. B) Grafts fully coupled to host 

myocardium, showed impaired propagation due to dissipation of spontaneous depolarization 

originating from graft into surrounding myocardium. C) When graft is 5% coupled to host 

myocardium graft-initiated host excitation occurs (white asterisk). Column 1 shows the labeled 

model with colored asterisks denote the location of voltage traces shown in column 5. Column 2 

shows voltage initial conditions. Column 3 shows the voltage at +155 ms. Column 4 shows the 

activation map. Grafts that spontaneously excite in isolation before the lead pacemaker graft are 

denoted by the white colored # symbol. Blue arrow highlights wavefront path. Voltage traces are 

shown starting at t=500ms to highlight the equilibrium conditions after the initial conditions have 

resolved. 

 

Next, we examined the relationship between EA propensity and graft-host connectedness 

(i.e., pc) in all five of our slice models. For this set of stimulations, the baseline graft conductivity 
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value was kept at σhPSC-CM = 1× (see methods). Characteristics of each model can be found in 

Table 2.2. The total area of each model ranged from 1.0 – 1.7 cm2. Models 1 and 2 contained a 

total graft area of ~0.27 cm2 but the amount of scar in Model 2 was ~12× greater. Models 3 – 5 

had roughly the same graft size and amount of scar. Figure 2.6 shows a representative activation 

map for each model at 10% pc for a case in which graft-initiated host excitation occurred (Fig. 2.6, 

column 1).  In A, two grafts undergo spontaneous excitation but only the graft denoted with a 

grey asterisk orange dot successfully excited the host. The wavefront then propagated clockwise 

exciting both host and non-refractory graft. In B, most grafts were isolated in scar thus making 

only grafts in the low right corner capable of graft-initiated host excitation. In C, two of the four 

grafts underwent spontaneous excitation, but the uppermost graft is where graft-initiated host 

excitation was first to occur. Similarly to B and C, in D two grafts underwent spontaneous 

excitation but only one led to host excitation. In E, only the graft in the upper left was large enough 

to successfully excite the host. 

 

 

 Total Graft Area 

(cm2) 

Total Scar Area 

(cm2) 

Graft-Scar 

Perimeter (cm) 

Total Area of 

Model (cm2) 

Model 1 0.2675 0.0661 2.2367 1.1150 

Model 2 0.2664 0.7866 10.9174 1.7629 

Model 3 0.0477 0.1550 0.7910 1.4536 

Model 4 0.0691 0.1686 0.9079 1.1442 

Model 5 0.0344 0.1598 0.6759 1.0259 

Table 2.2: Computational slice model characteristics  
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Figure 2.6: In all models at 10% connected at least one permutation had graft-initiated host 

excitation. Panels A-E show Model 1 – 5. The left panel shows an example activation map at 

10% connected. The grey asterisks denote site of graft-initiated host excitation. The right panel 

shows the geometry of the mesh labeled with graft (green), host (blue), and non-conductive scar 

(grey). All scale bars: 5 mm. 
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Analysis of all simulations revealed a consistent trend. As pc increased from very low (i.e., 

near-complete graft insulation from host) to intermediate values, there was an initial increase in 

the likelihood ectopic graft-initiated host excitation. Then, with further increase in pc (i.e., towards 

full electrical integration of graft), the propensity for these excitations was attenuated and 

eventually ceased altogether. We observed this inverted paraboloid-shaped relationship in all five 

models examined (Fig. 2.7 A). In four out of five models, the peak incidence of graft-initiated host 

excitation was at a pc value of 10-12.5%. At these coupling levels, the proportion of stochastically 

generated coupling permutations that led to ectopic excitation ranged from ~40% to 100% (in the 

case of Model 1). The WOV to graft-initiated host excitation ranged from 0-25% in most of these 

cases. An exception was Model 2, in which ectopic excitations were observed at higher coupling 

rates up to ~40%. In Model 5, very few permutations resulted in graft-initiated host excitation and 

peak incidence was at pc = 5%. Overall, the relationship to graft-host electric coupling was highly 

dependent on model geometry.  

 

2.4.2 Effects of Scar 

It remains unclear how the presence of non-conductive scar affects EA propensity. Does 

it create restricted channels with arrhythmogenic potential, does it isolate spontaneous excitations 

by preventing them from reaching host myocardium, or some complex combination of the two? 

For this reason, we sought to examine the effects of scar on EA propensity. We first replaced scar 

with healthy myocardium and repeated our experiments as described above. For each model, we 

still observed an inverted paraboloid shape in the EA relationship; however, the incidence of EA 

decreased and WOV was shortened to 0-20% in most cases (Fig. 2.7 B). To further illustrate this 

point, Model 2 was an interesting case to consider because several large grafts were isolated by 

scar. For simulations in this model across all tested pc values, we observed 288 activations sites 

(Fig. 2.7 C); most of these sites were located around a single medium-sized graft (lower-right 
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corner of image). When identical simulations were re-run with infarcted tissue replaced by host 

myocardium, the total number of graft-initiated host excitations decreased to 195 (Fig. 2.7 D). The 

only exception to this trend was Model 5, in which replacement of scar with host myocardium 

increased the number of graft-host excitation. This occurred because removing non-conductive 

scar left narrow clefts of host myocardium in close proximity to graft, creating conditions that 

favored initiation of excitation (see right-most panels of Fig. 2.7 B, D). 

To further understand the range of possible infarct-graft interactions, we conducted 

additional simulations in which scar was modeled as slow-conducting passive tissue instead of 

non-conductive insulator. Under these conditions, scar behaved as a pure electrical sink 

absorbing spontaneously-generated current from graft that could have otherwise initiated 

excitation elsewhere in host myocardium. This reduced the number of graft-initiated host 

excitation in all five models, to levels that were even lower than in simulations where scar was 

removed altogether (Fig. 2.7 E-F).   



39 
 

 

Figure 2.7: Engraftment Arrhythmia is Dynamically Determined by Graft-Host 

Connectedness. A-C) Incidence of graft-initiated host excitation across all pc levels for all five 

models A) with non-conductive scar, B) scar replaced by host myocardium, and C) slow-

conducting scar.  D) Model 2 at 1× σ with non-conductive scar had 288 activation sites localized 

to a few grafts and Model 5 had 4 activation sites. E) When scar was replaced with host 

myocardium at 1× σ, Model 2 had only 195 activation sites in more widespread locations whereas 
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Model 5 had an increase to 24 activation sites. F) When non-conductive scar was replaced by 

slow-conducting scar, Model 2 had only 64 activation sites and Model 5 had none.  

 

2.4.3 Modulation of intrinsic cell-cell coupling within the graft and EA propensity 

Next, we explored how changes in σhPSC-CM affected EA propensity with non-conductive 

scar, scar replaced by host myocardium, and slow-conducting scar. For all cases with modified 

σhPSC-CM, EA propensity vs. pc relationships retained the characteristic inverted paraboloid shape. 

Figure 2.8 A shows the effect of  modifications in two representative examples with non-

conductive scar. In Model 2, we observed an increase in graft-initiated host excitation at low 

conductivities, with a dramatic increase in at ¼ × σhPSC-CM compared to ½ × σhPSC-CM. In Model 3, 

we also observed an increase in graft-initiated host excitation but the change between ¼ × σhPSC-

CM and ½ × σhPSC-CM was not as pronounced. In the same representative examples with scar 

replaced by host myocardium, we observed similar trends. In Model 2, we observed an increase 

in graft-initiated host excitation at low conductivities relative to 1× σhPSC-CM, but the WOV was 

shortened from 2.5% - 55% to 2.5% - 30%. In Model 3, we still saw an increase in the incidence 

of graft-initiated host excitation as we decreased conductivity; however, the overall incidence was 

flattened when compared to non-conductive scar (Fig. 2.8 B). We also observed that as we 

increase σhPSC-CM, we saw a reduction in the overall prevalence of EA as quantified by AUC and 

WOV across all models tested for graft conductivities (Fig. 2.8 D-E). Finally, when scar was 

modeled as slow conducting instead of non-conductive, we saw a similar trend towards reduction 

in EA prevalence. In both representative models shown, we observed a decrease in graft-initiated 

host excitation compared to non-conductive scar at all σhPSC-CM values (Fig. 2.8 C). The AUC and 

WOV values across all models were also reduced and abbreviated (Fig. 2.8 F). Overall, these 

findings support the idea that low intrinsic cell-cell coupling in graft strongly favors the incidence 

of EA.  
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Figure 2.8: Increase in conductivity within the graft and the absence of scar decreases the 

instances of graft-initiated host excitation in most models. A-C) Incidence of graft-initiated 

host excitation with scar at pc = 0% to 60% for all conductivities tested for Model 2 (green) and 

Model 3 (blue) A) with non-conductive scar, B) with scar replaced by host myocardium, and C) 

slow-conducting scar. D-F) The AUC and WOV for all models D) with non-conductive scar, E) with 

scar replaced by host myocardium, and F) slow-conducting scar are shown. 

 

2.5 Discussion 

In this study, we present a novel computational approach to assess spatiotemporally 

heterogeneous electrical coupling between graft and host cells in anatomically realistic 2D slice 

models of remuscularized post-MI macaque ventricles. Our simulations were designed to show 

how spontaneous excitations of engrafted hPSC-CM could serve as a source that elicits 

propagating responses in host myocardium. In all five of our models, we showed: (1) varied graft-

host coupling creates a milieu conducive to graft-initiated host excitation, (2) in most cases the 
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replacement of scar with host myocardium reduces but does not abolish EA, and (3) increasing 

intrinsic graft conductivity decreases EA propensity. To our knowledge, this is the first study to 

computationally investigate focal sources of EA at the tissue scale when the true location and 

shape of grafts are known. 

In our study, we first showed that varying the percentage of graft connected to surrounding 

tissue could result in graft-initiated host excitation (Figs. 2.5-7). For each model, the relationship 

between EA propensity and the extent of graft-host coupling had an inverted paraboloid shape 

ranging from pc = 2.5% to 50%, but the exact dimensions of that shape varied from model to 

model. Inter-model variability in these characteristics could arise from numerous factors, including 

differences in MI location and size, the number of cells engrafted in the heart of each animal, 

details of cardiac anatomy, and locations of the slices with respect to injection sites. This 

phenomenon observed in simulations is reminiscent of a distinct observation from in vivo studies: 

namely, the variability in timing of the wax and wane of EA from animal to animal [49,51,54]. While 

we do not know the exact evolution of coupling or whether this phenomenon progresses linearly 

over time, our results provide a promising starting point to further explore how focal EA 

mechanisms might depend on graft-host electrical coupling in a broad sense. In vivo hPSC-CM 

transplantation led to a progressive increase of adherens and gap junction proteins, which 

suggests that electromechanical coupling might be spatiotemporally regulated [56]. This is also 

consistent with our findings, which show that increasing graft conductivity decreases graft-initiated 

host excitation (and vice versa, see Fig. 2.8).  

Finally, we gained more insights into the relationship between scar and graft excitation in 

the context of EA. In particular, when scar was replaced with host myocardium, graft-initiated host 

excitation still occurred but was reduced in all but one model. When non-conductive scar was 

replaced by slow-conducting scar, graft-initiated host excitation was reduced in all models since 

it created a pure electrotonic sink, effectively increasing the amount of spontaneously generated 

current that was “squandered” instead of depolarizing host cells (Figs. 2.7- 8). Overall, these data 
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suggest that non-conductive scar has a pronounced effect on EA propensity due to changes it 

creates in source-sink equilibrium. Interestingly, Model 5 showed an increase in EA when scar 

was replaced by host myocardium. In our simulations of Model 5 with non-conductive scar, there 

were very few locations at which graft-initiated host excitation could escape: this is because the 

largest graft region was mostly encased in scar. In Model 5 when non-conductive scar was 

replaced by slow-conducting scar no graft host-excitations were observed. Upon the replacement 

of scar with host myocardium, that graft had more locations where excitation of coupled host 

myocardium could occur. Moreover, proximity to the non-conductive boundary of the model (i.e., 

the edge of the heart itself) created a favorable source-sink relationship in the thin strip of host 

myocardium (akin to a Purkinje fiber or an electrically insulated tissue region within a protected 

isthmus). Although further investigation into the location and consequences of scar relative to 

graft is needed, these data showed that in some situations the presence of scar could be 

protective in the context of EA. Finally, on the subject of whether scar should ideally be modeled 

as non-conductive insulator, weakly-conductive passive electrical sink, or some combination of 

the two, we note that recent studies have shown that nonmyocytes can electrically conduct and 

couple with myocytes [120–122], it remains unclear if this connection between hPSC-CM and 

nonmyocytes occurs after transplantation and contributes to EA. In the absence of definitive 

evidence, we feel that inclusion of both model variants is a prudent approach. 

Previous computational work in this area devised a multiscale framework to simulate stem-

cell based repair technology in patient-specific models of human hearts post-MI [75]. This study 

was designed to investigate both focal and reentrant mechanisms. Consistent with our findings, 

it found that graft-initiated host excitation was constrained by the source-sink mismatch, with the 

likelihood of ectopic propagation highly dependent on proximity to scar and the theoretical spatial 

pattern of engrafted cells (in this case represented using a stochastic approximation). Another 

study created a new biophysically detailed computational model to further assess focal EA 

mechanisms [77]. Like our work, that study examined the consequences of different graft 
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conductivities and found that ectopic beat propagation was reduced by increased coupling or 

interface area between graft and host. However, the observed ectopic beats never exceed the 

intrinsic automaticity rate of ~96 bpm. This might be due to the use of a guinea pig ventricular 

myocyte model to simulate the graft [123], with automaticity induced by the addition of a constant 

depolarizing current. Due to this slow graft-induced focal beating rate, the authors again 

concluded that a reentrant driver mechanism is more likely to contribute to fast EA. Additional 

studies have tried to look at  EA in the context of remuscularization via an hPSC-CM patch [76,78]; 

however, multiple experimental studies have demonstrated that no electrical coupling occurs in 

cardiac patches, due to scar-induced insulation of the graft-host border [46,124]. We believe that 

this is the key to understanding why prior work undervalued the potential importance of focal EA 

drivers.  

Our study has some notable limitations. When modeling variable graft coupling, we chose 

to stochastically generate different versions of our models, each having a fixed proportion of 

random graft edges connected to the surrounding tissue. Contemporary understanding from 

hPSC-CM suggests that connexin-43 co-localizes at the cell membrane in clusters [125] and is 

circumferentially distributed up to three months following engraftment [49]. Our stochastic 

approach is plausible and recapitulates this distribution, but it is possible that functional gap 

junctions would form only along boundaries confluent with fibers, not along laminar boundaries 

due to shear forces during myocardial contraction.  

We also chose to exclude electrophysiological (EP) changes that graft myocytes undergo 

during maturation (e.g., cells become electrically quiescent due to increased IK1 expression and 

down-regulation of If and ICaT). The rationale for this decision was to deliberately explore models 

in which variables like pC were the only differences, ruling out other potential confounding factors 

like changes due to intrinsic cell-scale maturity. Moreover, the exact changes in EP properties of 

engrafted cells over time are not yet fully characterized in vitro, so it would be hard to properly 

calibrate models attempting to probe their importance to EA at this time.  
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We used 2D slice models derived from histology images, which allowed us to include exact 

locations of scar, graft, and host myocardium. Creation of 3D models from histology images was 

not an option in this study due to the inter-slice spacing of 3 mm, which would have led to a 

staircase effect in the Z direction due to much coarser resolution compared to the X-Y plane. 

While it might be possible to create 3D models using other imaging techniques, such as magnetic 

resonance imaging (MRI), graft locations would need to be synthetically generated since contrast 

agents have not yet been developed to differentiate graft from healthy myocardium in border zone 

tissue [49].  A related limitation is that in our models we do not modify the underlying ionic currents 

in host myocardium directly adjacent to scar, as in many prior computational studies [98,116]. 

However, our models do have a high-resolution representation of the patchy intermingling of 

myocardium and infarct in these areas, with a resolution greater than what could be observed 

using MRI. 

Finally, since the framework described in this study explored a carefully chosen but narrow 

question about how spatial properties of graft/host interface may contribute to EA propensity, 

some important factors remain unexplored. For instance, additional investigations will be needed 

to clarify the relationship between EA propensity and the spatial conformation of graft/host/scar 

areas. Moreover, since we did not apply any external pacing to our model, it is unclear if the types 

of focal sources observed in our simulations could overdrive sinus rhythm. We also note that the 

MDP in our cell-scale model is slightly lower than values reported in general experimental data 

[62], and this might affect the dynamics of impulse propagation. We found that the adjustments 

made to the cell-scale model were the farthest we could push the resting potential towards a more 

depolarized level without deranging other action potential properties (e.g., upstroke velocity, 

action potential duration, beating rate, etc.).  

In conclusion, our study presented a new way to model hPSC-CM injection with an 

emphasis on focal mechanisms. We found that varied graft coupling allowed for the wax and wane 

of EA to be captured in our simulations. This work also allowed us to elucidate the role of scar 
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tissue in the onset of EA and how this can change due to source-sink mismatch. While we may 

not yet have elucidated the true mechanism of EA, these data can be used in the future to pinpoint 

areas that are less arrhythmogenic for targeted delivery of hPSC-CM therapy. 
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Chapter 3: Population-Based Computational Simulations Elucidate 

Mechanisms of Focal Arrhythmia Following Stem Cell Injection 

3.1 Abstract 

Following a myocardial infarction (MI), a large portion of ventricular cells is replaced by scar, 

leading to adverse structural remodeling and heart failure. The use of stem cell-derived 

cardiomyocytes has shown promise in restoring cardiac function in animal models following an 

MI but leads to rapid focal ventricular tachycardia (VT). The VT in these animals can be variable, 

and its underlying mechanisms remain unknown. In this study, we used three distinct 

computational models derived from histological images of post-MI non-human primate ventricles 

to understand how human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) grafts can 

affect focal VT individually and synergistically. Specifically, we explored whether grafts could work 

cooperatively to create new arrhythmia and if geometric features such as graft tortuosity, area, 

host isolation, and amount of surrounding scar inhibited or enhanced the effect. We observed at 

least one instance of graft-host excitation (GHE) for eleven of the twenty-five individual grafts 

examined. Since we used a stochastic population-of-models-based approach to generate graft 

boundaries, we found that the number of permutations with GHE varied from graft to graft. We 

also examined grafts in aggregate and found that the high prevalence of GHE when all grafts 

were included arose from combinations of individually arrhythmogenic grafts (i.e., the overall 

increase in arrhythmogenicity resulted from graft complementarity rather than graft cooperativity). 

Further analysis of graft spatial features showed that arrhythmogenic grafts tend to be in areas 

with high host isolation (i.e., spatially confined regions of surviving myocardium interdigitated with 

engrafted cells) and when graft area and tortuosity were also high. These insights can aid in the 

design of novel injection schemes that could result in safer therapy for patients. 
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Graphical Abstract 3.0: Focal arrhythmias following stem cell injection may partly be attributable 

to graft interactions. Multiple grafts can potentially elicit graft-host excitation (GHE) under different 

conditions. Individual graft features such as high area, high tortuosity, and host myocardium 

isolation near the graft boundary increase the likelihood of GHE. When multiple grafts are present, 

the combined arrhythmogenicity is mostly due to inter-graft redundancy rather than cooperativity 

between grafts via electric coupling to the host. 
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3.2 Introduction 

In the United States, it is estimated that 805,000 people experience a myocardial infarction 

(MI) annually [126]. Following a large MI, over a quarter of the left ventricle is damaged via cell 

death and necrosis [127,128]. Due to the heart’s lack of regenerative ability [5], many patients will 

develop heart failure due to adverse structural remodeling [129]. Treatment options for these 

patients focus on symptom management through medications such as angiotensin-converting 

enzyme inhibitors or beta-blockers [130]. While these medications can help, many patients 

continue to worsen and progress to advanced or end-stage heart failure [14]. This has created a 

critical need for innovative cardiac regenerative therapies that effectively replace damaged 

myocardium.  

Human pluripotent stem cell-derived cardiomyocyte (hPSC-CM) transplantation has been 

shown to remuscularize damaged myocardium following cardiac injury in animal models 

[89,55,56,49,54,51,90,131]. However, transient ventricular tachycardia (VT) occurred shortly 

following transplantation in non-human primate and porcine models [49,54,51,90,131,50]. The 

rate of VT is variable, but cardiac anatomical mapping has shown clinical-grade evidence that 

these are focal arrhythmias originating at sites of cell implantation [49,51,54]. At present, we do 

not fully understand the mechanisms leading to variable VT in these animal models, which can 

impede safe translation to human studies.  

Understanding VT mechanisms following transplantation is limited, partly due to a lack of 

tools to precisely examine electrical interactions between hPSC-CMs and host myocardium. 

Computational models of cardiac electrophysiology are helpful multiscale tools that can help fill 

this gap [75–77,79]. They can be used to systematically examine how cell-scale differences, such 

as varied ion channel kinetics and expression, can affect emergent electrical properties at the 

tissue and organ scales [67,132,133]. They can also be used to create realistic virtual 

representations of cardiac geometry [97,116,134–137].  
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Previous work from our lab showed that focal VT phenomena could be partially explained 

by spatially heterogeneous development of graft-host electrical coupling over time [79]; however, 

contributions of individual grafts, including their specific capacity for arrhythmogenicity, remain 

poorly characterized. This study aims to analyze how arrhythmogenicity is impacted by individual 

hPSC-CM grafts and groups thereof, including a characterization of relevant geometric features. 

Using our previously developed computational framework [79], we investigate the hypothetical 

arrhythmic consequence of specific grafts synthetically removed (i.e., “vanished”) from our 

geometries to determine whether individual regions of hPSC-CM had cooperative or 

complementary effects on VT prevalence. We also analyze spatial characteristics of individual 

grafts and the mixture of scar and surviving myocardium in their vicinity to formulate guidelines 

for safer injection.  

 

3.3 Methods 

3.3.1 Cell and Tissue-Scale Electrophysiological Modeling  

Simulations were conducted in three computational slice models from our previous study 

of post-MI macaque ventricles containing host myocardium, hPSC-CM grafts, and infarcted tissue 

(scar) [79]. We modeled membrane kinetics of host ventricular myocardium using the ten 

Tusscher et al. human ventricular ionic model [109]. hPSC-CM membrane kinetics were modeled 

using our previous study's modified hPSC-CM cellular model [79]. Briefly, we simulated total 

knockout of inward rectifier potassium current (IK1) and doubled the conductance of the 

pacemaker current (i.e., the “funny” current; If) [69]. As in our previous study and others, scar was 

modeled as a non-conductive insulator [79,116]. Before all simulations, we let the cell-scale 

hPSC-CM model run to steady-state conditions, allowing it to beat spontaneously for 130 cycles. 

Steady state was visually confirmed to ensure no large variations in action potential morphology 

were observed. The membrane voltage state was saved at the minimum diastolic potential (MDP, 
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i.e., the most negative membrane voltage of the action potential) following the final spontaneous 

beat.  

As in previous studies [79,116,98,114], the monodomain finite-element approximation 

model was used to govern tissue-scale electrical activity propagation [110,111]. Electrical current 

flow in the myocardium was represented by solving the associated partial differential equations. 

Membrane kinetics were described by solving the algebraic and ordinary differential equations 

related to the models of cellular electrophysiology in ventricular (host) and graft regions, as 

described earlier in this section. Bioelectrical simulations were conducted using openCARP [118], 

and the resulting data were visualized using Dr. Edward J. Vigmond's meshalyzer tool; both are 

freely available for non-commercial use (see http://opencarp.org/). Version 7.0 of openCARP was 

used for these simulations. Similar to prior work [79,98], conductivity tensor values for host 

myocardium in the longitudinal and transverse directions with respect to fiber orientation were set 

to σL = 0.255 S/m and σT = 0.0775 S/m, respectively. Areas of engrafted hPSC-CMs (grafts) were 

modeled with an isotropic conductivity tensor of σhPSC-CM = 0.0775 S/m. All simulations were run 

for 1000 ms to assess graft-host excitation (GHE) propensity. We defined GHE as spontaneous 

depolarization of a graft leading to electrical excitation in over 50% of the host myocardium; this 

was used as a surrogate measurement to approximate VT susceptibility. This work was facilitated 

using advanced computational, storage, and networking infrastructure provided by the Hyak 

supercomputer system at the University of Washington.  

 

3.2.2 Synthetically Altering the Presence or Absence of Individual Grafts 

To assess individual and synergistic effects of grafts on arrhythmogenicity, we labeled and 

synthetically removed grafts of interest from our slice geometry (Fig. 3. 1A, Suppl. Fig. 3.1). 

Removal of a graft meant treating it as host myocardium instead of hPSC-CM. As in our previous 

study[79], we chose to model hPSC-CM graft-to-host intercellular electrical connectedness at 

10% (Fig. 3.1 B). A connectedness of 10% was selected because peak GHE was observed in all 
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three geometries at this value in our original study. Briefly, we used a discontinuous finite element 

method to disconnect 90% of elements along the graft boundary. We used a stochastic approach 

to generate a population of 40 unique spatial configurations per graft island combination (Fig. 3.1 

C). We enforced consistent use of random number generator seeds to ensure that every Nth 

individual permutation of a given graft had the same electrical connectivity boundary, regardless 

of which other grafts were present. An example is shown in Figs. 3.1 C-E. The four columns 

shown, each associated with a different N value, illustrate that the two grafts in the example (#1 

and #2) have unique connectivity profiles (Figs. 3.1 C-D) that are preserved within each column 

for configurations in which both grafts are present (Fig. 3.1 E). To evaluate possible graft 

synergistic effects, we defined graft cooperativity as GHE occurring in at least one new spatial 

configuration with the addition of another graft. 
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Figure 3.1: Methods A) Each individual graft was assigned a distinct region identifier. B) Different 

potential combinations of two or more grafts were tested. C-E) Examples of individual graft 

connectivity permutations (10% conductive boundary) for C) graft 1 and D) graft 2. E) Graft 

boundaries were kept consistent when grafts were combined for each connectivity permutation. 
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3.3.2 Identifying site and time of earliest activation 

As in our previous study [79], we identified the earliest activation sites that led to 

successful propagating wavefronts in host myocardium. We first identified the time at which 

activation in the host distal to the graft occurred. We then worked backward to determine the 

origin site to avoid identifying false positive breakthrough sites where graft spontaneous activity 

leads to non-sustained depolarization in host tissue. 

 

3.3.3 Spatial Properties Analysis 

To probe the relationship between graft spatial properties and GHE propensity, we defined 

five features of interest: graft area, percentage of scar within 1mm of graft boundary, distance 

between closest edges of two grafts, graft boundary tortuosity, and host isolatedness. Our 

rationale for examining scar within 1 mm of graft boundaries was that tissue farther away would 

be unlikely to affect electrophysiology proximal to the graft due to the cardiac space constant 

[138,139]. We defined tortuosity as: 

𝑇𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦 =
𝑇𝑜𝑡𝑎𝑙 𝐺𝑟𝑎𝑓𝑡 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

ඥ𝑇𝑜𝑡𝑎𝑙 𝐺𝑟𝑎𝑓𝑡 𝐴𝑟𝑒𝑎
 

Host isolatedness was derived by examining the circular region within 200 µm of each ventricular 

point in the model and calculating the proportion of that area that was occupied by anything other 

than host tissue (i.e., the union of graft, scar, and empty space surrounding the model). To analyze 

the relationship between graft micro-environment and the locations of initial breakthroughs during 

GHE events, we classified the points along each graft boundary as being either proximal to 

(≤ 200 µm) or distal from (> 200 µm) from empirically identified sites of the earliest host activation. 

Receiver operating characteristic (ROC) analysis was used to determine whether graft boundary 

proximity to breakthroughs could be predicted from the extent of nearby host isolatedness.  
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3.3.4 Statistics 

Individual grafts with and without GHE were divided into two groups. Continuous spatial 

variables were compared pairwise between groups using Wilcoxon rank-sum tests in Python. 

Pandas [140], NumPy [141], Matplotlib [142], SciPy [143], and scikit-learn [144] packages were 

used to create plots to summarize spatial features and for ROC analysis.  

 

3.4 Results 

3.4.1 GHE Propensity of Individual Grafts 

In our exploration of GHE propensity for individual grafts and combinations of grafts in 

three ventricular slice geometries, several distinct qualitative trends were identified. Across all 

models, smaller grafts in isolation tended to be less likely to produce a coupling configuration with 

GHE. Conversely, larger grafts were more likely to produce multiple coupling configurations with 

GHE (Fig. 3.2). In Geometry 1, nine of fifteen individual grafts could provoke ectopic excitation. 

The GHE propensities of those grafts ranged from 8/40 to 22/40 (Fig. 3.2 A); these proportions 

indicate the number of unique patterns that resulted in GHE in the population of 40 coupling 

configurations. In Geometry 2, we observed GHE originating from three of seven grafts, with GHE 

propensity ranging from 3/40 to 19/40. (Fig. 3.2 B). In Geometry 3, we found three of the seven 

grafts had at least one configuration with GHE, with their propensity ranging from 3/40 to 28/40 

(Fig. 3.2 C). A comparison of GHE propensity for all single grafts can be found in Figure 3.2 D 

with total GHE when all grafts are present denoted by a star. Quantitatively, we observed that 

breakthrough sites tended to occur in spatially constrained pockets of surviving myocardium 

adjacent to graft (Suppl Fig. 3.2).  
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Figure 3.2: Individual grafts are capable of GHE, but arrhythmogenic propensity varies 

from graft to graft. A-C) Individual grafts capable of GHE are shown in A) Geometry 1 (blue), B) 

Geometry 2 (pink), and C) Geometry 3 (yellow). Grafts incapable of individually provoking graft-

host excitation are shown in gray. Scar is shown as black regions. D) Varied GHE propensity of 

each graft is shown per geometry in a box and whisker plot. Stars show GHE propensity for each 

histology-based geometry for the simulation configurations where all grafts were present. 

  

3.4.2 Inter-graft cooperativity plays a minor role in overall GHE.   

Next, we explored if possible synergistic interactions between two or more graft 

configurations that were previously quiescent could result in new GHE, which we classify as graft 

cooperativity. A representative example of graft cooperativity for Geometry 3 is shown in Figure 
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3.3. Graft 1 alone had no coupling configurations with GHE. Graft 2 alone had 28/40 (70%) 

configurations with GHE. When both grafts were present, GHE for the aggregate population was 

35/40 (87.5%) coupling configurations (Fig. 3.3 A). A closer look at this representative example 

for a specific set of coupling patterns in the population shows that graft 1 was capable of isolated 

(i.e., non-GHE) spontaneous beating at a slow rate (Fig. 3.3 B; dark pink trace) that failed to ignite 

propagation in the host myocardium. In the proximal myocardium (yellow voltage trace), graft 

excitations corresponded to a slight elevation of membrane potential that failed to reach the 

activation threshold; the distal myocardium (light grey trace) was not perturbed. For the isolated 

version of graft 2 with the same (Nth) permutation in the population of coupling configurations (Fig. 

3.3 C), the spontaneous beating rate in the hPSC-CM region was faster (purple trace), but a 

similar failure to elicit excitation was seen in the same proximal and distal areas of host 

myocardium. When grafts 1 and 2 were both included in the geometry with the same identical 

(Nth) electrical coupling configurations (Fig. 3.3 D), the combined effects at the proximal host site 

(yellow) resulted in a depolarized membrane compared to the distal host site (light grey); this 

altered the electrotonic milieu sufficiently for graft 1 (dark pink) to trigger GHE.  
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Figure 3.3: Graft cooperativity is possible. A) For all graft-host boundary configurations, Graft 

1 in isolation had no GHE. Graft 2 had some GHE, but the combination of Grafts 1 and 2 led to 

increased GHE due to synergistic interaction (i.e., cooperativity). B-C) For the boundary 
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configuration shown, neither Graft 1 nor Graft 2 had GHE in the individual configuration. D) With 

identical boundary conditions, when both grafts are present, new GHE occurred. Column 1 shows 

the labeled geometry with colored asterisks denoting the locations of voltage traces, as shown in 

column 2. Column 3 shows the activation map.  

 

To better understand graft cooperativity, we mapped the breakthrough sites of new GHEs 

to their respective locations when two grafts were present (Fig. 3.4). All observed graft 

cooperativity involved at least one graft that was individually capable of eliciting GHE. Two grafts 

commonly involved in cooperative GHE are shown with pink stars and black asterisks. Most GHEs 

resulting from cooperativity originated in narrow clefts of host myocardium, frequently in the area 

between two grafts. There were a few exceptions where new GHE occurred near scar (orange 

arrows in Fig. 3.4) or small divots within the graft (white arrows in Fig. 3.4). The prevalence of 

graft cooperativity was low, with only 56 examples of new GHE observed across all three models. 
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Figure 3.4: Graft cooperativity occurred in multiple graft configurations. Yellow dots 

represent locations of new GHEs resulting from graft cooperativity. Grafts that commonly 

contribute to new GHE are shown with a black asterisk or pink star. Boundary locations of interest 

are highlighted with white or orange arrows. All grafts are labeled with their individual propensity 

for GHE. Each panel provides the distance between the nearest points of the two grafts 

highlighted. Scale bars: 250 µm.  

 

 Since cooperativity contributed modestly to aggregate GHE, we next sought to understand 

how much of the ectopic activity in multi-graft geometries could be attributed to complementarity. 

We defined complementarity at the population scale, meaning that for the Nth pattern of electric 

coupling for a particular combination of grafts in one geometry, the presence of GHE was the 

result of spontaneous excitation originating from one or more hPSC-CM regions that were already 

arrhythmogenic in a configuration with fewer grafts. In the context of complementarity, bystander 

grafts that did not affect GHE propensity were also possible. An example is shown in Figure 3.5. 

In Geometry 2, Graft 1 had 19 coupling permutations exhibiting GHE (Fig. 3.5 A), while Graft 5 

had nine permutations exhibiting GHE (Fig. 3.5 B). When both grafts were combined, new 

permutations resulted in GHE (Fig. 3.5 C).  



62 
 

 

Figure 3.5: Graft complementarity occurs when two or more independently 

arrhythmogenic grafts have no new coupling configurations resulting in GHE. A) Geometry 

2 Graft 1 had 19/40 permutations, resulting in GHE. B) Geometry 2 Graft 5 had 9/40 permutations 

resulting in GHE. C) When Graft 1 and Graft 5 were combined, no new coupling configurations 

resulted in GHE.  

 

We next compared the individual GHE rates for each graft in each geometry to the 

incidence of ectopic firing when all hPSC-CM regions except that specific graft were present (i.e., 

“one graft is excluded” simulations). For Geometry 1, this analysis did not yield any notable 

differences in GHE rate, indicating a high level of cooperative redundancy between the fifteen 
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grafts across the population of coupling configurations (Fig. 3.6 A). On the other hand, for 

Geometry 2 and 3, the effects of adding or removing a particular individual graft effect are better 

highlighted. When Graft 1 was excluded from Geometry 2, there was a noticeable decrease in 

GHE excitation (Fig. 3.6 B; GHE = 11/40 for the first box in the “Excluded Graft” row, vs. >20/40 

for all other boxes, i.e., cases in which Graft 1 was present). Likewise, when Graft 2 was excluded 

from Geometry 3, the rate of GHE dropped to 10/40 compared to 32/40 when that particular 

hPSC-CM region was included (Fig. 3.6 C).  

A clear illustration of the overall contributions of graft complementarity and cooperativity 

for all combinations of grafts is provided in Figure 3.6 D-F. For all geometries, increased GHE 

incidence was associated with the number of grafts included. For Geometry 1, most new GHE 

seen in multi-graft configurations was attributed to complementarity (Fig. 3.6 D blue), with only a 

tiny percentage attributed to cooperativity when two to four grafts were present (Fig. 3.6 D 

orange). We also observed a plateau in GHE when more than ten grafts were present. For 

Geometry 2, there were incidences of graft cooperativity observed across all simulations (Fig. 3.6 

E). For Geometry 3, graft cooperativity contributed negligibly to overall GHE when two grafts were 

present (Fig. 3.6 F).  
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Figure 3.6: In simulations to assess the overall propensity for GHE, complementarity 

effects are dramatically more important than cooperativity effects. A-C) GHE rates for 

simulations in which each individual graft was included vs. those in which all grafts were included, 

except for that individual graft are shown. A) Geometry 1 (Blue), B) Geometry 2 (pink), and C) 

Geometry 3 (Yellow) as shown in Figure 2. D-F) Normalized contributions of complementarity 

(blue, pink, or yellow) vs. cooperativity (orange) as the number of grafts increases for each 

geometry. Gray denotes no GHE. Black shows GHE when only one graft is present. 

 

3.4.3 Individual graft spatial features and inter-graft spacing affect GHE. 

To better understand why some grafts are arrhythmogenic while others are not, we ran 

statistical analysis on hPSC-CM region spatial features for all permutations of either one or two 

grafts (Fig. 3.7). For individual grafts, the median graft area of grafts with one or more 

permutations resulting in GHE was 0.02151 cm2 compared to 0.00161 cm2 of those without. 

Larger graft area was strongly associated with GHE prevalence (Fig. 3.7 A; p=0.0000155). To 

estimate the characteristics of graft boundary waviness, tortuosity was calculated. We found that 

median tortuosity was also higher in grafts with one or more permutations resulting in GHE (6.244 

vs. 4.188). A higher graft tortuosity was associated with GHE propensity (Fig. 3.7 B; p=0.00167). 

However, GHE propensity was not affected by the scar percentage within 1 mm of each graft's 

peripheral area (Fig. 3.7 C; median 13.181% vs 13.195%; p=0.82725). We also examined how 

inter-graft distance may play a role in GHE arising from cooperativity. We observed that new GHE 

occurred when inter-graft separation was ≤ 875 µm (Fig. 3.7 D).  

Finally, we used a host isolatedness metric (see definition in Methods) to develop a more 

robust understanding of the relationship between graft micro-environment and GHE propensity.  

An example of the analysis for an illustrative individual graft in Geometry 1 is shown in Figure 3.7 

E-F.  Since the known breakthrough sites of GHE could be identified (Fig. 3.7 E-F), host boundary 
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proximal to known breakthrough sites was treated as ground truth positive (i.e., an ideal predictive 

metric would flag those locations as highly likely to be at or near the initiation of GHE). Then, 

analyzing only the host myocardium, we identified areas of high host isolatedness throughout the 

tissue, including along the graft-host boundary (Fig. 3.7 G; dark red areas indicate high levels of 

the metric). Indeed, for the same example shown in Fig. 3.7 E-G, host isolatedness values from 

points along the boundary proximal to breakthrough sites were significantly higher than those at 

distal boundary points (Fig. 3.7 H). ROC analysis of this relationship across all cases of GHE 

from individual grafts in all three geometries revealed a robust predictive relationship (area under 

the ROC curve = 0.85; Fig. 3.7 I).  
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Figure 3.7: Statistical Analysis of Graft Spatial Features: A) Graft area (cm2) of single grafts 

with permutations resulting in GHE (purple) and without (gray) are significantly different.  B) 

Boundary tortuosity of single grafts with permutations resulting in GHE (purple) and without (gray) 

were significantly different. C) The percentage of tissue within 1 mm of single grafts occupied by 

scar was not significantly different. D) Histogram of distances between two grafts for all 

combinations with (orange) and without cooperative GHE (gray). Bolded values denote statistical 

significance. All statistics were conducted using the Wilcoxon rank sum test. E) Geometry 1 with 

graft of interest (green) and breakthrough sites (yellow). Other grafts treated as host myocardium 

for this set of simulations are shown in light blue. Host boundary of graft of interest proximal to 

(i.e., within 200 µm; red) or distal from (black) any known breakthrough site(s). F) Host 

isolatedness for the region surrounding this graft of interest. G) Violin plots summarizing host 

isolatedness metric values for all points along the boundary of the graft of interest shown in E-F 

H) ROC analysis summarizing predictive power of using host isolatedness values to anticipate 

the subset of graft-host boundary points across all individual grafts in all histology-based 

geometries (AUROC=0.85). 

 

3.5 Discussion 

In this study, we used computational simulations to investigate arrhythmogenic properties 

of single hPSC-CM grafts and combinations thereof in geometries derived from histological 

images. Our simulations used our previously published population-based approach for 

representing graft-host electrical coupling in a physiologically plausible way [79]. Our findings 

suggest that while synergistic cooperation between grafts is possible, the majority of 

arrhythmogenesis seen in the context of multiple grafts is due to inter-graft complementarity (i.e., 

redundancy). Practically, the implication is that in the context of realistic multi-graft hPSC-CM 

patterns resulting from therapeutic injections, if one graft fails to ignite an ectopic excitation, 

another is likely to compensate. We also observed that geometric features, such as graft area 
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and tortuosity, can significantly impact GHE. The presence of spatially confined tracts of surviving 

myocardium (i.e., regions of high “host isolatedness”) in the vicinity of graft can also be used to 

identify possible GHE hot spots. To our knowledge, this is one of the first studies to investigate 

and characterize realistic graft geometry and assess individual and collective graft impact on 

arrhythmia.  

Currently, cell injections in large animals are performed by intramyocardial injections to 

both the infarct and border zone in animals with MI (12–14) or in healthy myocardium for those 

without [131]. Injection schemes typically range from four to 16 injections [49,50,145]. In MI in 

vivo models, researchers use gross direct inspection or electroanatomical mapping to determine 

infarct regions [51]. Anywhere between 100 µL to 250 µL of cell suspension is used per injection. 

Our findings suggest that arrhythmogenicity could be minimized if researchers instead injected 

smaller quantities of cell suspension to a larger number of locations using a microneedle array or 

some other comparable approach. This would result in a reduced total area of each engrafted 

region.  If larger grafts are still desired, graft cooperativity could be minimized if cell injections are 

spaced at least 850 µm apart. However, more work will be needed to assess these new 

configurations' contractile benefit since our current modeling framework only considers 

electrophysiology.  

 Recent attempts to reduce arrhythmogenic consequences of hPSC-CM injection have 

included pharmacologic treatment and genetic modification of hPSC-CMs. In a recent study by 

Nakamura et al. [51] clinically available antiarrhythmics were tested to mitigate the risk of VT in 

an infarcted porcine model. It was found that both amiodarone and ivabradine could enhance 

survivability following stem cell-induced VT but did not prevent it entirely. In another study, 

Marchiano et al. [131] hypothesized that spontaneous depolarizations originating from engrafted 

hPSC-CMs were the source of VT. They found that knocking out genes encoding for 

hyperpolarization-activated channels (i.e., channels responsible for If), T-type calcium channels, 

and the sodium-calcium exchanger while simultaneously overexpressing the gene encoding for 
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inward rectifier potassium channels, VT did not occur following cell delivery into uninjured porcine 

hearts. Our work suggests that in addition to making the cells themselves less arrhythmogenic, it 

might also be beneficial to test more dispersed graft patterns.   

Previous computational studies have also investigated the mechanisms leading to VT 

following cardiac stem cell therapy [75–77,146]. One examined the effects of a heterogeneous 

distribution of cardiomyocytes on ectopic arrhythmogenicity, reporting that increased cell density 

and dosage along the infarct boundary led to more ectopic propagation. However, this study only 

considered one patient-specific human post-MI geometry, using synthetically generated engrafted 

regions with idealized geometry [75]; moreover, a continuous approximation of graft-to-host 

electric coupling was used. Our present study differs critically in that it used a population-based 

approach to represent the complex spatially heterogeneous electrical coupling between graft and 

host. We believe this approach is critical to reconciling the rapid focal VT phenomena observed 

in vivo with the experimental in vitro recordings of slow-beating hPSC-CMs. Our population-based 

approach was necessary since no experimental data is available to provide exact measurements 

of graft-host coupling at continuous time points.  

Another more recent study by Riebel et al. [146]  created a computational framework to 

study hPSC-CM heterogeneity, the effects of the Purkinje system, and how infarct maturation 

would modulate arrhythmia propensity. In their study, the authors found that a mixture of atrial and 

nodal-like hPSC-CM exhibited ectopic activity. In contrast, the homogenous ventricular population 

did not beat under any scenario tested. The authors also explored re-entrant arrhythmia formation 

following ectopic activity with the addition of both impaired and healthy Purkinje propagation, 

finding reentry to be most common in acute MI with impaired Purkinje propagation. These findings 

highlight the importance of uniform maturation in the hPSC-CM electrophysiology and healthy 

Purkinje propagation to prevent re-entry. Our study does not consider the Purkinje system or 

hPSC-CM heterogeneity in 3D. Instead, our study focuses on how variability in graft geometry 
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properties may increase the likelihood of focal arrhythmia that has been observed in experimental 

studies [49,51,54].   

Our study has a few other notable limitations. First, due to the large volume of simulations, 

we chose to run all our simulations with a single graft-host electrical connectivity level of 10%. If 

we ran our simulations at different connectivity levels, our observations about cooperativity and 

complementarity might diverge from the current findings. Cooperativity could play a more 

significant role; however, based on the striking results presented in Figs. 3.6 C-F, we surmise 

that this phenomenon would unlikely surpass the dominant nature of the complementarity effect. 

It is also important to note that we chose 10% connectivity because, in our previous study, this 

level was globally the most favorable for the prevalence of GHE [79]. 

Another limitation of our study is that we chose to model scar as non-conductive, similar 

to previous work [98,116,147]. Recent studies have shown that nonmyocytes can affect cardiac 

excitability [120,148], but the connection between hPSC-CMs and nonmyocytes following 

transplantation is poorly characterized. We previously investigated the effect of slow-conducting 

scar on arrhythmogenesis and found that slow-conducting scar decreased GHE propensity 

compared to the same simulations run with non-conductive scar. We chose to use non-conductive 

scar since those geometries exhibited the highest propensity of GHE [79]. Furthermore, GHE is 

only a surrogate measurement of focal VT. We did not apply external pacing to mimic sinus 

rhythm, and it remains unknown whether ectopic beating of engrafted cells in our modeling 

framework could out-compete sinus rhythm. Finally, we did not exhaustively test how arbitrary 

modifications of size, shape, and distance would impact GHE in this study. Instead, we focused 

primarily on actual graft geometries derived from histology images. Prior computational work 

focused on testing prescribed cell density and dosage, but the boundary conditions only allowed 

those virtual grafts to exist within a spheroidal cell delivery region [75]. 

In conclusion, we have presented a deep analysis of how individual grafts and groups of 

grafts can impact arrhythmogenicity following stem-cell injection. In all three histology-based 
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geometries examined, we found that individual grafts can be arrhythmogenic, and the combination 

of independently arrhythmogenic grafts contributes most to higher rates of arrhythmia in realistic 

multi-graft configurations, not synergistic interaction between grafts to create new excitations. 

This work also provided new insights into experiments that could be used to create a safer target 

delivery system for hPSC-CM therapy.  

 

3.6 Supplemental Figures 

  

Supplemental Figure 3.1: Individually labeled grafts for A) Geometry 1 and B) Geometry 2 
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Supplemental Figure 3.2: Activation site for each individual graft of A) Geometry 1, B) 

Geometry 2, and C) Geometry 3  
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Chapter 4: Accelerated Intrinsic Beating Rate in Heterogeneously 

Coupled Stem Cells May Underlie Focal Ventricular Tachycardia in 

Regenerative Cardiac Therapy 

 

4.1 Abstract 

Novel cardiac stem cell therapies seek to replace damaged tissue following a myocardial 

infarction to prevent heart failure. Human pluripotent stem-cell derived cardiomyocyte (hPSC-CM) 

therapies are a promising treatment that can remuscularize the heart and improve cardiac 

function. However, they can be a source of rapid ventricular tachycardia (VT). Electrical mapping 

studies have suggested this VT is focal, but the true mechanisms remain unknown. Computational 

simulations may provide new insights into these complex arrhythmias, but current simulation 

frameworks have not replicated focal VT. In this study, we conduct simulations with biophysically 

plausible representations of cell injection and the formation of gap junctions between engrafted 

hPSC-CMs (graft) and host tissue. We examine hPSC-CM ionic models with different intrinsic 

beating rates (1.1, 2.5, 4.0 Hz) and assess whether any of these conditions can produce focal VT 

that is adequately rapid and robust to overpower sinus rhythm. Using a population of three human 

ventricular slice geometries with non-human primate graft patterns, we assessed susceptibility to 

focal VT. VT was observed with all ionic models but to varying degrees. Our 1.1 Hz model could 

only produce focal VT with a 40bpm sinus rhythm. Conversely, our faster ionic models could 

produce VT under all sinus pacing. We also doubled graft size to cover larger infarct areas and 

found robust VT when the 2.5 and 4.0 Hz models were applied. This work suggests that our 

computational framework can produce focal VT by increasing hPSC-CM spontaneous beating 

rate and could help plan future injection schemes. 
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4.2 Introduction 

Myocardial infarction (MI) is a life-threatening cardiac event associated with sudden 

cardiac death and affects over 3 million people per year [149,150]. During an MI, blood flow to the 

heart is restricted, leading to cell necrosis and death [151]. If a patient survives the initial MI, they 

experience a decrease in quality of life that can partly be attributed to the heart's lack of self-

regeneration [5,152]. When cardiomyocytes become damaged, they are replaced by scar 

[11,153]. The presence of scar can lead to adverse structural remodeling and eventual heart 

failure [154–156]. There are currently no treatment options to replace the damaged myocardial 

tissue aside from a transplant, where there are limited donors [13,157]. This has created an urgent 

need for diverse and novel cardiac therapies. 

The use of human pluripotent stem cell-derived cardiomyocytes (hPSC-CM) to repair 

damaged tissue through injections has shown promise in improving cardiac function 

[55,56,89,158,159]. However, ventricular tachycardia (VT) following hPSC-CM injection remains 

a concern for cardiac regenerative therapies [49,51,54]. In large animal models, VTs as rapid as 

3 Hz are frequently observed within a few days following injection [50,51,54]. Clinical-grade 

electrical mapping studies have been performed and suggest the VT is focal and originates from 

hPSC-CM implantation sites [49,54]. Nevertheless, the mechanisms leading to VT remain 

incompletely understood.  

Computational tools can provide valuable insight into arrhythmia mechanisms and 

susceptibility [95,132,160–162]. Previous computational frameworks have been established to try 

to investigate focal VT but were unable to fully replicate this phenomenon in silico with sinus 

pacing [75–77,79]. This could be due to the cell scale hPSC-CM models spontaneously beating 

at a rate between 0.58 Hz and 1.9 Hz [79,163,70,69]. These models are all based on in vitro data 

taken from cells on tissue culture plastic. During the differentiation process, the maturity of hPSC-

CM is challenging to control, and the end result most closely resembles that of neonatal 

cardiomyocytes [62,164,165]. Currently, no published data exists that describes the 
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electrophysiology of these cells following in vivo engraftment. We hypothesize that the beating 

rate of hPSC-CM must accelerate to achieve rapid focal VT in silico. Thus, we set out to test if 

rapid focal VT was possible by only modifying the spontaneous beating rate of the hPSC-CM in 

silico cell scale models.  

Previous work in our lab altered an existing hPSC-CM ionic model to beat at 1.9 Hz and 

investigated heterogeneous electrical coupling between graft and host myocardium. We found 

that ectopic beats originating from the graft could lead to host excitations when the boundary was 

varied [79]. However, we never tested whether this phenomenon could be sustained in the 

presence of sinus pacing (i.e., if the arrhythmic events we simulated reflected sustained VT, as 

opposed to the theoretical possibility of ectopic excitation). Building off our previous framework, 

we generated three new 2D human slice geometries for this study and applied three graft patterns 

derived from histological image analysis of hearts following cell injection in non-human primates 

(NHPs). We tested three intrinsic hPSC-CM beating rates between 1.1 Hz and 4.0 Hz and three 

sinus rates between 40-80 beats per minute (bpm) to determine if rapid focal VT could occur 

under any of these conditions. We also looked at if doubling graft size would increase the 

prevalence of focal VT.  

 

4.3 Methods 

4.3.1 Cell- and Tissue-Scale Electrophysiological Modeling 

In the engraft hPSC-CM region (graft), we tested three ionic hPSC-CM models with 

spontaneous beating rates of 1.1, 2.5, and 4.0 Hz (Fig. 4.1). An existing model of hPSC-CM 

membrane kinetics without modification [69]  was used for 1.1 Hz simulations (Fig. 4.1 A). Due to 

the absence of data about these cells’ behavior in vivo, we modified the existing model to create 

two hypothetical faster-beating hPSC-CMs. We first create a 2.5 Hz model by increasing the 

conductance values of rapidly and slowly activating delayed rectifier potassium (gKr and gKs) 



77 
 

currents by a factor of three and reducing the inward rectifier potassium (gK1) current to zero (Fig. 

4.1 B). Our second model that had a spontaneous beating rate of 4 Hz was generated by 

increasing the baseline models t-type calcium (gCaT), hyperpolarization-activated (gf, i.e., “funny”), 

gKr, and gKs, current conductance values by a factor of 11.5 and reducing gK1 to zero (Fig. 4.1 C). 

To ensure steady state conditions before inserting these variants into organ-scale geometries, 

each hPSC-CM representation was allowed to beat spontaneously for 120 cycles before we 

saved the model state at the time of the minimum diastolic potential (MDP, i.e., the most negative 

membrane voltage of the action potential).  

Three 2D human slice geometries were extracted from existing post-MI 3D ventricular 

geometries comprising healthy myocardium, border zone, and scar (Fig. 4.1 D) [166]. We 

identified three geometries for the existing cohort with two fully transmural infarcts but varying 

degrees of border zone. We also picked one with a more endocardial infarct with a large border. 

A 1 mm of healthy myocardium was preserved on either side of the infarct to ensure wavefront 

propagation and reduce computational cost. Three histology-derived NHP hPSC-CM injection 

patterns from our previous study [79] were superimposed onto the new slice geometries at a 1:1 

scale (Fig. 4.1 E-G) or at a 2:1 scale in imaging software (Fig. 4.1 H) (GNU Image Manipulation 

Program). All grafts were applied to regions that followed the contour of the infarct but were 

situated near healthy myocardium to assess arrhythmia propensity. We made this decision 

because scar during hPSC-CM cell transplantation, cells are injected both into the ischemic region 

and border zone [49,51]. We chose not to focus too closely on the ischemic regions because scar 

is modeled as non-conductive in our simulation, preventing propagation of electrical activity. For 

slice Geometry 1 and 3, 1:1 scale graft patterns were applied in two locations on either side of 

the transmural scar. For Geometry 2, 1:1 scale graft patterns were applied in three areas. If the 

placement of graft patterns resulted in some engraft regions being outside of the slice, that graft 

pattern was placed in a new region. When graft patterns were scaled up to 2:1, grafts were placed 
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throughout the infarct to cover as much scar as possible, and graft proximity was not preserved.  

All geometries and graft patterns are shown in Supplemental Figure 4.1. 

 

Figure 4.1: Three ionic models and three graft patterns were tested. A-C) Action potential 

traces of published model (black) beats at 1.1 Hz. The published action potential model was 
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modified to beat to B) 2.5 Hz and C) 4.0 Hz.  D) Example segmentation used to create slice 

geometries E-F) Representative examples of the three human geometries with three non-human 

primate (NHP) graft patterns applied at a 1:1 scale H) Representative examples of Geometry 1 

with a graft pattern at a 2:1 scale.  

 

Similar to prior work, in our tissue scale simulations, ventricular [109], border zone [98], 

and above hPSC-CM cellular models were used in the corresponding regions; the scar was 

modeled as non-conductive [167,116,147,168]. To generate our population of models, we used 

an established model for graft-host coupling to explore ectopic excitation in a probabilistic manner. 

A subpopulation of 40 varied graft-host boundary coupling configurations was created for each 

human slice with an hPSC-CM graft-to-host intercellular electrical connectedness of 20%. As in 

our previous studies, this was done using a discontinuous finite element method to disconnect 

80% of elements along each boundary between graft and host regions. Tissue scale simulations 

were run with electrical stimulation from two endocardial points (4×), delivered every 1500 ms, 

1000 ms, or 750 ms to mimic sinus rhythms of 40 bpm, 60 bpm, and 80 bpm, respectively (Fig. 

4.2). We chose to test a variety of sinus beating rates to cover a large portion of the population 

who have a resting heart rate above or below 60 bpm [169,170].  VT was considered a graft-

driven beating rate faster than 100 bpm [171,172].  

Similar to other studies, the monodomain finite-element approximation governed the 

propagation of electrical activity in our simulations [79,137,168,173]. This was done by 

numerically solving the partial differential equation for each tissue type representing the 

myocardium's electric flow. Membrane kinetics were described by solving the algebraic and 

ordinary differential equations for each cellular electrophysiology model applied to ventricular 

host, ventricular border zone, and hPSC-CM graft regions. Also similar to prior work [98], 

conductivity tensor values for host myocardium in the longitudinal and transverse directions with 

respect to fiber orientation were set to σL = 0.255 S/m and σT = 0.0775 S/m, respectively. 



80 
 

Conductivity tensor values for border zone with respect to fiber orientation were set to σL = 0.255 

S/m and σT = 0.00775 S/m [98]. In cases, engrafted hPSC-CMs (grafts) areas were modeled with 

an isotropic conductivity tensor of σhPSC-CM = 0.0775 S/m [79]. All bioelectrical simulations were 

conducted using Version 7.0 of openCARP [118], and the resulting data were visualized using the 

meshalyzer tool. Both are available for non-commercial use (http://opencarp.org/). This work was 

facilitated using advanced computational, storage, and networking infrastructure provided by the 

Hyak supercomputer system at the University of Washington. 

 

4.3.2 Pseudo-Electrocardiogram Generation   

To analyze graft-initiated excitations during sinus rhythm, pseudo-electrocardiograms 

(ECGs) were generated by placing electrodes in two locations distal to scar on the left and right 

side of each slice geometry (Fig. 4.2).  Similar to previous work [174,175], the difference between 

extracellular potential values of the electrodes was calculated to construct our pseudo-ECGs. VT 

was defined as the average beats per minute (bpm) exceed 100 at one the pseudo-ECG leads. 

A Python code was generated to automate this process. Briefly, this code took the absolute value 

of the derivative of each signal, found the time of each peak, and calculated the average bpm for 

the entire signal. Python libraries Pandas [140], NumPy [141], and SciPy [143] packages were 

used. An arrhythmogenicity metric was created for each graft pattern by averaging the VT 

observed in of our population of models regardless of graft location and normalizing the data out 

of one. This metric was then used to generate our heatmaps.  
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Figure 4.2: Sinus pacing and electrode locations for pseudo-ECGs. A-C) The left and right 

leads pseudo-ECGs are generated by taking the difference between signals of the electrodes on 

the endo and epicardial surface for A) Geometry 1, B) Geometry 2, and C) Geometry 3. Electrode 

locations are shown. Endocardial pacing sites are also shown.  

 

4.4 Results 

Lowest intrinsic hPSC-CM beating rate rarely causes in silico focal VT 

  Looking first at the slowest spontaneous beating ionic model [69], we examined if 

rapid focal VT was possible with simulated sinus rates of 40, 60, and 80 bpm. For the example 

shown in Figure 4.3, ectopic beats originating from the graft could propagate, and the host tissue 

recovered before each sinus beat (Fig. 4.3 A). This created an average beating rate of 105 bpm 

in our left pseudo-ECG trace (Fig. 3B). Due to the transmurality of the scar in this model, the right 

lead shows that sinus rhythm was maintained (Fig. 4.3 C). Interestingly, when we looked at all 

graft patterns in all human slice geometries, the total VT incidence was low. Only 10-11% of our 

simulations with graft 1 in human slice Geometry 1 and 2 exhibited this behavior. All other graft 

patterns did not produce VT. Human slice Geometry 3 also had no VT (Fig. 4.3 D-F).  
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Figure 4.3: When a 1.1 Hz ionic model was applied, a VT-like beating rate was only observed 

with a sinus beating rate of 40 bpm. A) Activation map of the first ectopic beat followed by a 

successful sinus beat 340 ms later. B) Left pseudo-ECG lead of Geometry 1 with VT is shown. C) 

Example of 40 bpm sinus pacing observed in the right pseudo-ECG lead of the same geometry. 
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D-F) Heatmap of simulations with focal beating originating from grafts in Geometries 1-3. Ectopic 

beats are denoted by an asterisk  

 

Faster intrinsic hPSC-CM beating rate more consistently causes in silico focal VT 

 We then assessed how this behavior might change when our 2.5 Hz model was applied 

and found a larger portion of our simulations resulted in VT (Fig. 4.4). In the example shown of 

Geometry 3 in Figure 4.4, an ectopic beat originating from the graft occurs on the right side of 

the model at 880 ms. It traveled slowly through border zone tissue prior to host excitation. Due to 

the timing of this ectopic beat, when sinus pacing occurs 20 ms later, the tissue is still refractory 

and fails to excite the host myocardium. Further investigation of the spontaneous beating rate 

showed that the right side increased from 60 bpm to 122 bpm (Fig. 4.4 B-C). Looking at our data 

in aggregate, we found that all graft patterns in all geometries were capable of producing focal VT 

but to varying degrees (Fig. 4.4 D-F). Across all geometries, graft pattern one exhibited the 

highest amount of VT. Interestingly, the incidence of VT seemed to increase slightly as sinus 

pacing increased. Graft pattern two, on the other hand, had a low propensity of VT in all cases. 

Human slice geometry two also appeared to have the most arrhythmogenic geometry, while 

human slice geometry three was least arrhythmogenic.   
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Figure 4.4: With a 2.5 Hz ionic model applied to grafts, focal ectopy is observed at all sinus 

pacing rates. A) Activation maps of ectopic beat followed by failed sinus pacing in Geometry 3. 

B) A 60 bpm sinus rhythm was observed on the left pseudo-ECG. C) Right pseudo-ECG trace of 

the representative example shows a beating rate of 122 bpm with ectopic beats outcompete sinus 

rhythm D-E) Heatmap of the proportion of simulations with VT grafts in Geometries 1-3. Asterisks 

denote ectopic beats. Failed sinus pacing is shown with X.  
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 When we applied our 4 Hz ionic model to our population, we saw a further increase in the 

number of simulations resulting in focal VT. In the representative example shown for human 

geometry two, following the initial sinus pacing beat, ectopic beats originating from the graft 

overwhelm most sinus pacing (Fig. 4.5 A-C). The third sinus beat as shown in the activation maps 

resulted in fused beat on the left side of the geometry followed 200 ms later by an ectopic beat 

(Fig. 4.5 A). Looking at pseudo ECG both the left and right lead we saw left lead have a 202 bpm 

(Fig. 4.5 B) rhythm while the right maintained 80 bpm sinus pacing (Fig. 4.5 C). When looking at 

all simulations in aggregate, we found that regardless of which graft pattern and geometry were 

at least 70% of simulations resulted in focal VT regardless of the sinus pacing. Both graft patterns 

one and three were highly arrhythmogenic regardless of human slice geometry. Graft pattern two 

was less so, especially in our second human slice geometry where it averaged a VT propensity 

of 71.7% (Fig. 4.5 D-F).  
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Figure 4.5: Rapid VT was observed for all sinus rates with a 4 Hz ionic model applied to 

graft regions. A) Activation maps of ectopic beat fusing with sinus beat followed by another 

successful ectopic beat for human geometry two graft pattern two. B) Left pseudo-ECG showed 

rapid focal VT of 202 bpm C) Right pseudo-ECG lead shows 80 bpm paced sinus rhythm. D-F) 
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Heatmap of simulations with focal beating originating from grafts in Geometries 1-3. Ectopic beats 

are denoted by asterisks. Failed sinus pacing is shown with X.  

 

Doubling graft size increased arrhythmia susceptibility  

While superimposing the grafts from non-human primates at a 1:1 scale in the human 

geometries was informative, it is possible the limited scar coverage of these grafts would lead to 

a failure to achieve the desired therapeutic benefit (i.e., effective remuscularization). Thus, we 

examined how doubling the graft size would affect arrhythmogenic propensity under the same 

three sinus rhythms using the same ionic models described above. We found that in all cases, 

doubling graft size increased the incidence of VT regardless of human geometry or which ionic 

model was tested (Fig. 4.6). With larger graft sizes scaled to proportionally match human 

geometry, the average incidence when the 1.1 Hz model was applied was only 0-3% of all 

simulation with a 40-bpm sinus rhythm (Fig. 4.6 A). When the graft size was, the average 

incidence of VT increased to 20-31%. Interestingly, even with a larger graft size, no VT was 

observed when the sinus rhythm was greater than 40 bpm. For both the 2.5 Hz and 4.0 Hz ionic 

models, VT incidence was robust when graft size was doubled and occurred in almost all 

simulations (Fig. 4.6 B).  
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Figure 4.6: When graft size was doubled, all model populations were more prone to VT. A) 

1× results. B) 2× results. Column 1 shows a representative example of human Geometry 1 with 

graft two applied at either 1× scale or 2× scale. Columns 2-4 show the average incidence of VT 

when the 1.1 Hz, 2.5 Hz, and 4.0 Hz ionic models were applied.  

 

4.5 Discussion 

 In this preliminary study, we used our population-based computational framework to 

investigate how hPSC-CM intrinsic beating rate at the cell scale can manifest into focal VT at the 

tissue scale in human ventricular slice geometries. To our knowledge, this is the first 

computational study to show that graft-originating focal VT can outcompete sinus rhythm. This is 

also the first study to use human ventricular MI geometry and assess how graft patterns derived 

from histology images acquired from the hearts of animals used in pre-clinical studies might 

behave in these larger hearts. Our findings show rapid VT was observed for all sinus rhythms 

only when the hPSC-CM intrinsically beat at 2.5 Hz or higher (Fig. 4.3-4.6). We also found that 

we could consistently get rapid VT in almost all cases when the graft size was doubled, so long 

as a 2.5 Hz or higher ionic model was used (Fig. 4.6). These findings provide evidence in support 
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of one hypothesis explaining the origins of these focal VTs: following engraftment, regardless of 

how cells behaved in the dish, some form of phenotype switching occurs, and the cells become 

pacemaker cells with faster spontaneous excitation rates. This could be due to environmental 

factors such as paracrine signaling or the mechanical properties of the heart and its environment, 

neither of which are captured in our simulation framework. 

 Previous computational frameworks have used patient-specific post-MI ventricular 

geometries to assess stem cell therapy arrhythmogenicity. In a study by Yu et al. [75], two human 

post-MI geometries were used with engrafted cells that were synthetically placed within the 

myocardium. They found that ectopic beats originating for the grafts depended on delivery site 

location and how patchy they modeled their grafts. However, they used a hPSC-CM model that 

could only spontaneously beat at 37.5 bpm and did not apply sinus pacing. In their follow-up study 

[76], using an integrated cardiac patch in human post-MI geometries, they never saw the ectopic 

beating rate exceed the intrinsic beating rate of the hPSC-CM model and cannot outcompete a 

60 bpm sinus rate. Our study differs in its use of a hypothetical hPSC-CM intrinsic beating rate 

that is much faster than in vitro data to see if hPSC-CM can function as a focal source in larger 

human geometries.  

  Our study has a few notable limitations. First, our modifications to the ionic model are not 

based on experimental data. The original model [69], with a spontaneous beating rate of 1.1 Hz, 

is based on data from the electrophysiology of different experimental preps of hPSC-CMs that 

were combined to create a model that recapitulated the generalized phenotype of a healthy hPSC-

CM. We made our modifications to increase the beating while maintaining a reasonable 

ventricular-like action potential shape. This is not the first time modifications have been made to 

this model or ventricular models to get them to behave differently. In that same study by Kernik et 

al.[69], the authors generated a population of hPSC-CM models to better capture the 

heterogeneity in hPSC-CM behavior by modifying INa, ICaL, IK1, IKr, and If. These parameters were 

varied to be within the experimentally observed range. Still, it was found that changing the 
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parameter kinetics to the median value ± standard deviation strongly impacted action potential 

morphology. That modification we made to the model altered the same current apart from INa. In 

a study by Yu et al. [77], the authors modified the Luo-Rudy I guinea pig ventricular myocyte 

model to create an oscillatory graft-like cardiomyocyte. They did this by adding a constant 

depolarization current that they claim was analogous to a funny-current (If). In their study, the 

authors were still unable to conclude how focal VT was possible. On the other hand, our study 

made hypothetical changes to an hPSC-CM model that may not be realistic but are a starting point 

with action potentials that look reasonable and minimize the number of parameters we altered.  

Another limitation of our study is that we only examined these models' behavior with a 

graft-host coupling level of 20%. Due to our previous work [79] on which this study is built, we 

believe that similar trends would have been observed with the wax and wane of VT as the 

coupling increased and then decreased. We chose not to focus on that for the purpose of this 

study due to modifying multiple other factors, such as intrinsic beating rate and paced sinus 

rhythm. Additionally, two out of three human geometries have fully transmural scars. Like other 

modeling frameworks, we model scar as non-conductive, which limits where grafts could be 

placed that could theoretically excite the host myocardium. While this is a limitation, we placed 

grafts in multiple locations along the scar-host, scar-border zone, and border zone-host boundary 

to gain more insights into how these different environments could affect ectopic excitations. 

Finally, this study did not test whether micro-reentry within grafts could produce the faster beating 

rates needed for rapid VT. These micro-reentrant circuits can be masked on anatomical mapping 

studies as a focal VT, but no one has created a successful framework to test this hypothesis.  

In conclusion, we create a computational framework that can produce focal VT regardless 

of sinus pacing in human geometries. This framework is now well suited to work in tandem with 

our experimental colleges to test new hypotheses about graft placement and distribution to 

prevent focal VT following cardiac stem cell therapy. This will help us get one step closer to 

improving the safety profile of this proposed therapy.  
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4.6: Supplemental Figures 

Supplemental Figure 4.1: All model geometries and graft patterns are shown. Graft patterns are 

imposed at a 1:1 scale or a 2:1 scale to host tissue. 
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Chapter 5: Conclusion 

Cardiac regenerative therapies have come a long way over the past few decades, and 

hPSC-CM remains a promising therapy candidate. Both epicardial patches and intramyocardial 

injections have been shown to improve cardiac function [17,29,49]. However, there are still 

concerns with epicardial patches’ lack of electrical integration [29] and hPSC-CMs’ lack of maturity 

and proarrhythmic activity [17,51,62]. Current approaches to mitigate the risk through gene edits 

and antiarrhythmics have brought us one step closer to enhancing the safety profile of hPSC-

CMs [51,66]. Still, more work is needed to uniformly control these cells' maturity. A greater 

understanding of the true mechanisms leading to VT following cell therapy is also required prior 

to large therapeutic implementation.  

Computational models are an important tool for helping us understand focal VT using a 

multiscale approach. The work presented in this dissertation established in silico models for 

understanding focal VT following stem cell therapy. In Chapter 2, histology-derived slice models 

were used to test if varied graft-host coupling could partially explain the transient phenomena of 

focal VT. We found that a Goldilocks zone existed when grafts were coupled just enough for focal 

VT to escape the graft and excite the host without source-sink match occurring. We also found 

this phenomenon to be geometrically variable and that many of these graft patterns can still be 

arrhythmogenic even when in slow-conducting and healthy myocardium [79]. Chapter 3 explored 

the arrhythmogenic consequences of individual and groups of grafts using a population-based 

approach. We found that many grafts had at least one electrical coupling configuration where 

graft-host excitation could occur. We also discovered that total graft area, tortuosity, and isolation 

of host regions near graft could be used to pinpoint arrhythmogenic regions. Finally, in Chapter 4, 

we create a computational model to explore how intrinsic hPSC-CM beating rate affects VT 

propensity. We found that current in vivo data does not capture a fast enough intrinsic rate for VT 

to outcompete sinus rhythm, except in some cases with bradycardia. These findings indicate that 
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other factors encourage these cells to phenotype switch into a more pacemaker-like cell and beat 

much faster.   

While the presented work has not given us a definitive answer into all the mechanisms 

leading to focal VT following cardiac stem cell therapy, it has helped us generate new hypotheses 

that warrant further in vivo testing. In Chapter 2, we found that the evolution of graft-host coupling 

was conducive to graft-initiated arrhythmias. We hypothesize that overexpression of connexin 43 

may diminish or prevent focal VT (Fig. 5.1 A). In that chapter, we also tested how different 

properties of scar may affect arrhythmogenic propensity. We found that no arrhythmia can occur 

due to the scar being non-conductive in our models if cells are injected into the scar. To our 

knowledge, no one has looked at the potential therapeutic effects of injecting stem cells into scar 

alone (Fig. 5.1 B). We believe this experiment will answer important questions such as how 

proximal cells must be to healthy myocardium for cell survival and help computational modelers 

to better understand the properties of the infarcted heart and whether dense scar should be 

modeled as non-conductive. In Chapter 3, our findings showed us that host isolatedness and graft 

area were important for arrhythmogenesis. Therefore, we hypothesize that smaller injections 

spread over a larger area would decrease arrhythmogenicity, a conjecture that would warrant 

future in vivo study (Fig 5.1 C). This could be important for designing new injection tools such as 

microarrays.  
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Figure 5.1: Schematics of three hypotheses we believe warrant in vivo testing. A) Over-

expression of connexin proteins may reduce arrhythmogenic burden following stem cell therapy. 

B) Injecting stem-cell therapies into scar tissue only could prove to be cardioprotective. C) Smaller 

injections spread over a large area may decrease arrhythmia susceptibility compared to a large 

single injection. 

 

In addition to the outline of in vivo studies, advancements in cardiac computational 

modeling also hold great potential for helping us understand the arrhythmia mechanism of stem 

cell therapies and potential therapeutic benefits. While current computational models hold 

potential, advancements to cell-scale modeling of hPSC-CMs remain essential. Currently, only 

one electromechanics model of hPSC-CMs exists [176], which has not yet been applied to the 

tissue or organ scale. Regardless of whether we can create new hPSC-CM models or alter the 

existing ones, a better reflection of experimental electrophysiology data and a reduction of 

computational cost is needed. Investigations could then be done to look at new injection schemes' 

effects on arrhythmia susceptibility and improve cardiac contractility. More work is also needed to 
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evaluate the EP properties of post-MI scar tissue. As stated above, scar is currently modeled as 

non-conductive which may not accurately represent acute vs. chronic MI.  

While the work in this dissertation has focused solely on 2D slice models with realistic 

graft patterns, improvements to current imaging modalities and contrast agents are needed to 

create accurate 3D models with engrafted cells. One recent study has used diffusion tensor 

imaging of ex-vivo Guinea pig hearts with engrafted cells [177], but this technique has yet to be 

tried in live animals. Leveraging machine learning or neural networks may also prove 

advantageous in creating better image segmentation, allowing for histology images to be used. If 

we can make more accurate 3D computational models of engrafted stem cells, we can better 

assess if other mechanisms, such as reentry due to myocardial isthmuses, could also impact 

injection locations. The effect of the Purkinje system and possible reintegration also warrants 

further exploration. A previous computational modeling study attempted to understand the 

electrophysiologic consequence of reintegration but only examined the effect that engrafted cells 

may have when coupled to a small segment of the right bundle branch [75]. Additionally, a greater 

understanding of the pig Purkinje system following stem cell injection would also be helpful in 

uncovering why stem cell-originating VT is lethal in this pre-clinical model. At this time, it is 

hypothesized that VT is more lethal because pigs have a more transmural Purkinje system 

compared to non-human primates and humans [178,179] 

Computational models represent a powerful tool for understanding cardiac regenerative 

therapies and arrhythmias. The ability to model subcellar changes systematically and see the 

effects at the tissue and organ scale is a significant advantage. Pairing with in vitro and in vivo 

models, we can generate new hypotheses to help us understand the complex phenomena of 

arrhythmia. If we can answer the above questions, we will be one step closer to aiding individuals 

suffering from heart failure following an MI. 
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