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ABSTRACT OF THE DISSERTATION 

 

Multiscale Modeling of Cardiac Arrhythmogenesis: 

Beyond the Trigger-Substrate Paradigm 

 

by 

 

Michael Bon-Hao Liu 

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2019 

Professor Zhilin Qu, Chair 

 

Arrhythmias and sudden cardiac death (SCD) represent a leading cause of mortality in 

the US and worldwide. Currently, the most effective therapy for preventing SCD is the 

implantable cardioverter-defibrillator (ICD). ICDs however can only terminate arrhythmias after 

they have already occurred and have numerous severe side effects and poor cost-effectiveness. 

Therefore, the ideal anti-arrhythmic strategy is the prevention of arrhythmia initiation, or 

arrhythmogenesis, in the first place. Unfortunately, multiple clinical trials have demonstrated 

that many of the currently available anti-arrhythmic drugs are not generally effective in the 

prevention of ventricular arrhythmias, and in some cases may even be pro-arrhythmic 

unintuitively causing increased mortality.  Thus, improved anti-arrhythmic strategies are 

needed which require improved mechanistic understanding of the arrhythmogenesis process.  
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 Computational modeling is a powerful research tool, complementary to experimental 

and clinical studies, to study the underlying mechanisms of arrhythmias. In this dissertation, we 

use computer modeling and patch clamp experiments to investigate the spontaneous initiation 

of triggered and reentrant ventricular arrhythmias as related to delayed afterdepolarizations 

(DADs) and long QT syndrome (LQTS). We first describe a dynamical threshold for DAD-

mediated triggered activity which is lower than the sodium channel threshold and manifests 

under conditions of hypokalemia and slow spontaneous calcium release. Next, we investigate 

the critical factors that determine DAD-mediated triggered activity formation in cardiac tissue. 

Thirdly, we study whether sub-threshold DADs can act as an arrhythmogenic trigger and find 

that DADs can generate both triggers and a reentry substrate simultaneously. And finally, we 

detail a novel common mechanism of arrhythmia initiation across different genotypes of LQTS 

called “R-from-T”, which blurs the usual notions between arrhythmia trigger and substrate 

beyond the traditional paradigm. The mechanistic insights gained from these studies help 

inform the development of new arrhythmia prevention strategies.   
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Chapter 1: Introduction 
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The cardiac conduction system 

The human heart typically beats around once per second, about 100,000 times in a day, and 3 

billion times in total over the course of an entire lifespan. This regular beating ensures that 

blood constantly circulates throughout the lungs and body. The synchronized contraction of 

first the two atria and then the two ventricles is controlled by the orderly electrical excitation of 

the cardiac tissue (Figure 1-1). During each heartbeat, these electrical signals originate from a 

natural pacemaker region in the right atrium called the sino-atrial node (SAN) and propagate 

throughout the atrial tissue until reaching the atrio-ventricular node (AVN) 3. At the AVN, the 

electrical signals encounter a region of slowed conduction, which corresponds to the delay 

 

Figure 1-1: The cardiac conduction system 

The cardiac conduction system serves to allow for the orderly electrical excitation of 
cardiac tissue, from the SAN, to the atria, to the AVN, through the bundle of His and 
Purkinje fibers, and finally to the ventricles. Reproduced from Monteiro et al 3 under CC. 
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between atrial contraction and ventricular contraction which are otherwise electrically 

insulated from each other, before proceeding to the extremely fast conducting fibers of the His-

Purkinje network. The Purkinje network allows the electrical signals to ultimately reach the 

ventricular tissue in an extremely synchronized manner, causing each ventricular heart cell to 

contract in synchrony, resulting in the strong robust contraction required to pump blood 

through the pulmonary and systemic circulations 4. This efficient cardiac conduction system 

encompasses multiple scales of organization, ranging from ion channel proteins, to the cellular 

level, to coupled cardiac tissue, and ultimately the whole organ 1.  

Cardiac myocyte electrophysiology and excitation-contraction coupling 

The cardiac cell, called a cardiac myocyte, is the fundamental unit of both cardiac 

electrophysiology and contraction. Myocytes are excitable rod-shaped muscle cells that make 

up cardiac tissue (Figure 1-2). Like all cells, myocytes are enclosed by a bi-lipid membrane which 

separate the intra and extra cellular spaces. A net difference of ionic concentrations between 

the inside and outside the cell sets up a voltage difference across the cell membrane. The 

primary ionic species involved include sodium (Na+), calcium (Ca2+), and potassium (K+) 5. 

 

Figure 2-2: Ventricular cardiac myocytes isolated from a rabbit heart 

A light microscopy image of two isolated rabbit ventricular myocytes. 
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Embedded in the membrane are ion channel proteins which include both passive and active 

transport types as wells as cotransporters. Each of these ion channels have their own unique 

properties, including voltage-gating, calcium-gating, and kinetic time constants, and produce 

inward and outward currents at different times to produce a whole-cell voltage depolarization 

called an action potential (AP) (Figure 1-3). The major cardiac currents include: the sodium 

current (INa), the L-type calcium current (ICa,L), the rapidly (IKr) and slowly (IKs) activating delayed 

rectifier potassium currents, the inward rectifying potassium current (IK1), the transient 

 

Figure 1-3: Cardiac action potential and major ionic currents 

Different ionic currents activate with different time courses during the action potential, 
playing different roles in depolarization, plateau, repolarizing, and resting potential phases. 
Reproduced under CC from Wikimedia Commons2. 
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outward voltage-gated potassium current (Ito), the sodium-calcium exchange current (INCX), and 

the sodium-potassium pump (INaK) 5-7. These currents play different roles at the different phases 

of the action potential. For example INa is primarily responsible for the phase 0 depolarization 

upstroke with a threshold activation voltage of ~-60 mV, ICa,L for the phase 2 plateau, and the 

various potassium currents for membrane repolarization in phase 3. The phase 4 resting 

potential of around -87 mV for human ventricular myocytes is primarily maintained by the 

balance between outward IK1 and inward INCX.  Once excited, these cells also exhibit a refractory 

period during which they cannot be re-excited until the sodium channels have fully recovered. 

This refractory period plays an important role in both the initiation and the termination of 

arrhythmias 8.  

In addition to being electrically excitable, myocytes are also muscle cells with sarcomeres 

consisting of actin fibrils and myosin heads utilizing ATP to contract the cell. The myosin binding 

sites on the actin fibrils are typically blocked by a protein complex called troponin, preventing 

muscle contraction. When calcium ions bind to troponin, a conformational change occurs and 

the myosin binding sites are revealed, allowing for contraction. The bulk of myocyte calcium is 

stored in a surrounding organelle called the sarcoplasmic reticulum (SR) and is released through 

a process called calcium-induced calcium release (CICR) involving the L-type calcium channels 

(ICa,L) in the cell membrane 9, 10. Thus, when an action potential occurs and ICa,L is activated, 

calcium is released from the SR, allowing for the sarcomere to contract – a process called 

excitation-contraction coupling which links the electrical signals to mechanical contraction 11, 12. 

To facilitate synchronous contraction for all myofibrils including those deep in the cell, 
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myocytes, especially those in the ventricle, have regular invaginations of their cell membrane 

called transverse tubules or T-tubules (Figure 1-4) to allow the L-type calcium channels to stay 

within close proximity to the SR throughout the entire interior of the cell 13. 

Different types of cells exist in different regions of the heart, each with different electrical and 

contractile properties and functions 14. For example, ventricular myocytes with a size of 100-

200 µm in length, 20-30 µm in width, and 10-20 µm in depth are larger than atrial myocytes to 

facilitate the increased contractile needs of the ventricles 15, 16. Similarly, ventricular myocytes 

have the most regular T-tubules while atrial myocytes can have intermediate or sparse T-

tubules 17, 18. SAN and Purkinje cells can also be considered specialized myocytes with unique 

ion channel combinations to facilitate their roles. SAN cells exhibit a self-depolarizing phase 4 in 

their AP due to the so-called “funny” current (If) 19 while Purkinje cells have no T-tubules as they 

play no role in contraction but instead are only focused on fast conduction 20. Together, these 

 

Figure 1-4: T-tubules allow for efficient contraction of the entire sarcomere 

T-tubules are invaginations in the cell membrane that allow the calcium release units to be 
spaces regularly even in the interior of the cell.  
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different types of cardiac cells form well-organized cardiac tissue that ultimately facilitates 

efficient and synchronous contraction at the whole organ level.  

Cardiac tissue and electrical propagation 

Cardiac tissue consists of a syncytium of myocytes that are coupled together with their 

neighbors by gap junctions formed by the protein connexin 43 21. These gap junctions allow for 

the passage of ions from once cell to another and generally obey a passive Ohm’s law 

relationship. Thus, current will tend to flow from high to low voltage. When one myocyte fires 

an AP, its membrane voltage will be greater than that of its neighbor, causing current to flow 

which simultaneously reduces the voltage of the current cell, and increases the voltage of its 

neighbor. If there is enough current source, the voltage of the neighboring cell may rise 

sufficiently to the threshold for it to fire its own AP. With many cells, this results in a wave of 

electrical excitation propagating through the cardiac tissue, as each cell excites its neighbor, 

which through excitation-contraction coupling results in a corresponding wave of mechanical 

contraction. Therefore, synchronized excitation is essential for synchronized contraction. To 

facilitate their unique functions, different cardiac tissue have different conduction velocity (CV) 

properties. For instance, electrical conduction in atrial and ventricular tissue is around 0.5 m/s 

while the CV in the His-Purkinje system is significantly faster at 2-3 m/s, which is required for a 

highly synchronized ventricular activation 4.  

Arrhythmias and sudden cardiac death 

Under many conditions, irregular or abnormal heart rhythms can develop which are called 

arrhythmias.  As the contraction of the heart is directly linked to its electrical excitation, an 
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irregular rhythm translates to irregular contraction and potentially insufficient blood flow to the 

brain and other vital organs. If a severe abnormal rhythm persists, this can quickly lead to 

sudden cardiac death (SCD) which is a leading cause of death in developed countries, annually 

accounting for over 300,000 deaths in the United States of America alone 22, 23.  

There are numerous different causes of arrhythmias. Many disease conditions can cause 

arrhythmias including scar or fibrosis formation after a myocardial infarction (MI), heart failure 

(HF), hypertrophic cardiomyopathy (HCM), and genetic disorders such as catecholaminergic 

polymorphous ventricular tachycardia (CPVT), Brugada syndrome, and the congenital long QT 

syndromes (LQTS) 5, 23-26. Many drugs can induce arrhythmias as well as a side effect, with the 

problem becoming so severe that the U.S. Federal Drug Administration in 2005 started 

requiring new drugs to undergo a Thorough QT study to reject drugs that may have arrhythmia 

risk 27, 28. Electrolyte abnormalities in potassium (hypo/hyperkalemia), sodium 

(hypo/hypernatremia), calcium (hypo/hypercalcemia), and magnesium 

(hypo/hypermagnesemia) also affect the ion channel behavior and can result in arrhythmias 5, 

29. And finally, arrhythmias can occur even in an otherwise physiologically normal heart due to a 

transient functional disturbance. 

There are also many types of arrhythmias, with some dangerous but many benign or even self-

terminating. Arrhythmias can be generally described as too slow a rhythm (bradycardia), too 

fast a rhythm (tachycardia), or a completely disorganized rhythm (fibrillation). Arrhythmias are 

often classified into two categories which are ventricular and supraventricular. Supraventricular 

arrhythmias, as the name suggests, originate before the ventricles in the cardiac conduction 

system, aka in the atria or His-Purkinje system. These include atrial tachycardia, atrial 



9 
 

fibrillation, premature atrial contractions, sinus bradycardia, sick-sinus-syndrome, AVN block, or 

AVN reentrant tachycardia. Ventricular arrhythmias originate from the ventricles and can 

include premature ventricular contractions (PVCs), several different types of ventricular 

tachycardias (VT), and ventricular fibrillation (VF). Generally, supraventricular arrhythmias are 

less immediately dangerous than ventricular arrhythmias, as the AVN will act as a checkpoint, 

still allowing for synchronized contraction of the ventricles which is the main chamber for 

pumping blood. Sustained ventricular arrhythmias on the other hand, especially ventricular 

fibrillation, typically appear suddenly and can be immediately life threatening as the heart can 

lose its ability to pump blood. This dissertation primarily focuses on the initiation of ventricular 

arrhythmias. 

Treatment and prevention of arrhythmias 

Life threatening ventricular arrhythmias share the key feature of a transition from an orderly 

sinus rhythm (controlled by the SAN) to disorganized turbulent electrical activity in the 

ventricles. Figure 1-5 shows an electrocardiogram (ECG) of a patient undergoing such a 

transition. The ECG is a clinical indicator of the weighted electrical activity in the heart as 

measured between electrode leads placed on different parts of the body surface. Generally, the 

 
Figure 1-5: Electrocardiogram showing transition to arrhythmia 

This patient starts out in normal sinus rhythm but then suddenly and abruptly initiates a ventricular 
tachycardia. After a few cycles, the VT transitions into the more disorganized ventricular fibrillation 
which is maintained for awhile. Luckily for this patient, the VF spontaneously terminated and the 
heart resumed sinus rhythm. Reproduced from Qu et al 1.  
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P-wave corresponds to atrial excitation, the QRS-complex to ventricular excitation, and the T-

wave to ventricular repolarization. Clinicians are often able to assess and diagnose the 

underlying electrical behavior of the heart based on the rate, rhythm, and morphological 

appearance of the ECG. In this patient, we can see the complete evolution of an arrhythmia, 

from initiation (also called arrhythmogenesis), to the transition and maintenance of VF, and 

finally to its termination. This ECG starts out in normal sinus rhythm but then suddenly and 

abruptly changes to a short run of ventricular tachycardia with wide semi-regular QRS-

complexes. This quickly transitions into a complexly disorganized and irregular rhythm known 

as ventricular fibrillation. During VF, the ventricles are not contracting as a synchronized unit 

and very little blood is being pumped forward to the lungs or body, which is life-threatening if 

sustained for more than a few minutes 30. Fortunately for this patient, the arrhythmia 

spontaneously terminated before death occurred and the ECG reverted to sinus rhythm.  

In most cases of VF however, the arrhythmia does not spontaneously revert back to normal 

rhythm, in which case electrical defibrillation is necessary to save the patient. Electrical 

defibrillation is an emergency procedure where a high energy electrical shock is delivered 

across the heart, simultaneously activating all non-refractory cardiac tissue and resetting the 

electrical state across the entire heart 31. If successfully, this allows the SAN pacemaker to 

regain control and put the heart back into sinus rhythm. For patients with a known risk for 

arrhythmias and SCD, an implantable cardioverter-defibrillator (ICD) can be implanted under 

the skin, with leads monitoring the heart at all times ready to deliver a defibrillation shock at 

any time automatically without any human intervention. This remains the most effective 

therapy to date for the prevention of SCD, but are far from an ideal solution due to their severe 
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side effects including pain and sudden inappropriate shocks 32. There is also an enormous 

challenge for the cost-effective use of ICDs as currently the clinical risk stratification of patients 

is of limited accuracy. ICDs are expensive to implant but clinical trials have shown that only one 

out of every five implanted ICDs ever actually deliver a life-saving shock 33, 34. In other worlds, 

due to our limited ability to predict which patients will actually experience a life-threatening 

arrhythmia event, we implant unnecessary ICDs in 80% of patients. Finally, defibrillation, as 

important a tool as it is, can be considered a rather crude strategy as it is always reactive, 

focusing on the termination of existing sustained arrhythmias after they have already occurred. 

At this point, the patient has likely already fainted from lack of perfusion and the ICD only 

serves to shock them back into normal rhythm before permanent organ damage occurs. While 

potentially life-saving, the long-term quality of life for ICD patients in this manner can be poor.  

A more ideal strategy would be the prevention of arrhythmias before they initiate altogether. 

Sometimes there may be a clear anatomical region where the arrhythmia is initiating from (e.g. 

a scar or fibrosis from a previous myocardial infarction). In these cases, a process called 

ablation can be used, where a radiofrequency or cryogenic catheter is used to burn tissue and 

make it electrically unexcitable 35. This is done in a manner that isolates or destroys the circuit 

allowing the arrhythmia to occur. Ablation however of course sacrifices healthy cardiac tissue 

and in cases where no obvious anatomical arrhythmia source is present cannot always be used, 

especially in the ventricles. Therefore, pharmacological approaches exist as well.  

Over the decades many anti-arrhythmic drugs have been developed in 4 main classes with the 

goal of preventing arrhythmias: (Class I, sodium channel blockers; Class II, beta blockers; Class 

III, potassium channel blockers; Class IV, calcium channel blockers) 36. Most of these classes 
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unsurprisingly target the ion channels of the three main relevant ions in myocyte 

electrophysiology: sodium, potassium, and calcium. Unfortunately, multiple clinical trials have 

demonstrated that most of these drugs are not actually effective overall in preventing 

arrhythmias, and some may even increase mortality over placebo 37-39. It may seem paradoxical 

that drugs intended to be anti-arrhythmic could have a pro-arrhythmic effect, which highlights 

the complex intertwined nature of cardiac electrophysiology. A drug that decreases arrhythmia 

risk from one mechanism may inadvertently increase the risk from another mechanism. For 

example, the Cardiac Arrhythmia Suppression Trials (CAST I 37 and CAST II 38) in 1991 and 1992 

demonstrated that sodium channel blockers were successful in preventing premature 

ventricular contractions (PVCs), but increased the number of arrhythmia-related deaths overall.  

In order to develop future more effective arrhythmia prevention strategies, a broad 

mechanistic understanding of arrhythmogenesis, the process by which arrhythmias are 

initiated, is needed. 

Focal and reentrant arrhythmias 

Typically, ventricular arrhythmias can be thought of either as focal or reentrant 26. In focal 

arrhythmias, abnormal electrical impulses are generated and propagate out from a source 

region in all directions, forming a pattern called a target wave (Figure 1-6A). These arrhythmias 

are considered a problem with impulse initiation and abnormal automaticity, and are thought 

to be related to cellular early-afterdepolarizations (EADs) and delayed-afterdepolarizations 

(DADs).  
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Reentrant arrhythmias are more clearly defined and occur through a process called reentry, in 

which the electrical wave travels in a repetitive circular motion (also sometimes described as 

“circus movement”) and can be either anatomical or functional in nature. Reentry is so-named 

because the tip of the wave appears to re-enter on itself, forming a periodic circular pattern. In 

anatomical reentry, the electrical wave circles along an anatomical obstacle or pathway, 

resulting in a tachycardia since the rotation speed of the reentry is typically much faster than 

normal sinus rhythm. This type of anatomical reentry as an arrhythmia mechanism was first 

hypothesized in 1887 40 and experimentally demonstrated in canine hearts in 1913-14 41. The 

obstacle or pathway could be a normal anatomical structure or from a pathological process 

such as scarring or fibrosis after heart injury. Ablation therapies are most effective against 

anatomical reentrant arrhythmias when a reentrant obstacle or pathway can be identified to be 

isolated and ablated. 

Reentry can also occur without any anatomical obstacles, even in homogeneous tissue. This 

type of behavior is called functional reentry and results from the phenomenon of spiral waves, 

which rotate around a phase singularity rotation core. Spiral waves were studied in general 

excitable media 42-44 long before their application to cardiac arrhythmias in the 1980’s 45, 46, with 

experimental evidence of this phenomenon in cardiac tissue appearing both before 47 and after 

48, 49 the theory was formalized. Experimental and computational modeling studies that 

followed have linked spiral waves to different forms of VT depending on the stable or 

meandering nature of the phase singularity, as well as chaotic spiral wave breakup to VF 50, 51. 

With these insights, the field of computational cardiology has exploded in the theoretical and 

computational investigation of the dynamical properties of spiral wave maintenance, 
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transitions, and termination 52-54. For example, conduction velocity was shown to be an 

important component of the cardiac tissue wavelength which determines whether a spiral 

wave could be maintained in a particular tissue size 55. Steep action potential duration (APD) 

restitution has been shown to be a critical necessary component for spiral wave breakup and 

the transition from VT to VF 56, 57. Techniques using optogenetics have even been developed for 

spiral wave control in in vitro experimental systems, allowing a laser beam to steer and 

modulate the behavior of a spiral wave in tissue 58, 59. Despite these sophisticated advances, our 

understanding of reentrant arrhythmia initiation has remained fairly simplistic, even though 

arrhythmogenesis represents an ideal target for clinical arrhythmia prevention.  

Arrhythmogenesis: The role of triggers and substrates 

Traditionally, reentrant arrhythmias are thought to initiate when two independent aspects 

combine: a trigger and a substrate 26. The arrhythmogenic trigger is an abnormal excitation 

event, while the arrhythmogenic substrate are the potentially dangerous tissue conditions, and 

when the two are combined with the proper timing planar wave break occurs and a reentrant 

wave is formed. Triggers can arise from automaticity, early-afterdepolarizations, delayed-

afterdepolarizations, (which when sustained by themselves are considered focal arrhythmias), 

or even external forces such as chest thumps or electrical shocks. Triggers can originate from 

anywhere in the heart including the atria, His-Purkinje conduction system, and the ventricles. 

Generally, the exact nature of the trigger is not considered to be important, as long as it 

provides an initial wave to be broken up by the substrate and allowed to reenter. 
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The role of the substrate is to break up the planar wavefront from the trigger in such a manner 

that it has enough room to form reentry without running into itself and annihilating. Substrates 

can be anatomical substrates, in the case of post-MI scar and fibrosis as discussed before, or 

functional substrates in the case of S1-S2 initiation or dispersion of repolarization. Functional 

substrates are dynamically more interesting and arise due to the fact that cardiac cells have a 

electrical refractory period during which they cannot be excited until the sodium channel has 

fully recovered.  

S1-S2 initiation is the simplest case where an external depolarization is suddenly superimposed 

overlapping the waveback of a repolarizing tissue 60. Because the region closest to the 

waveback is in its refractory period, it is unable to fire an action potential while the region 

further away can. This results in electrical conduction being blocked in the direction toward the 

waveback, but propagating in the direction away. Since the wave now travels only in one 

direction, it has the opportunity to curve in on itself and if given enough space form a reentry.  

Note that this phenomenon did not require any anatomical heterogeneities and can in fact 

occur in completely homogeneous tissue. Clinical examples of S1-S2 include comodio cordis, 

where a severe chest thump sometimes from a sports impact is able to depolarize cardiac 

tissue right during the repolarization phase of the ventricles, or during a poorly timed 

defibrillation attempt when the shock is delivered to a heart that still has a somewhat 

organized rhythm at just the wrong timing, impacting during ventricular repolarization and 

starting a new arrhythmia instead of terminating the last. The latter scenario is the reason for 

synchronized cardioversion, where the defibrillator will attempt to place the shock on during a 

QRS complex to avoid ventricular repolarization during the T-wave. This precise timing 
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requirement is represented by a concept called the vulnerable window for reentry, which 

corresponds to the narrow time window in which the external stimulation can initiate a reentry. 

This mechanism is also why arrhythmias can be induced in a completely physiologically normal 

heart  

The external trigger in S1-S2 initiation is rather artificial and does not apply to the majority of 

arrhythmias encountered clinically which typically arise spontaneously without an obvious 

external trigger. In these cases, reentrant arrhythmias are thought to arise through a process 

called unidirectional conduction block 61-63. Traditional triggers for spontaneous ventricular 

arrhythmias are thought to arise from EADs or DADs in certain areas of the cardiac tissue, which 

under certain conditions can propagate out as a target wave causing a PVC. If this traveling 

ectopic wave by chance encounters a repolarizing region with the exact wrong timing, the wave 

may not be able to progress in that direction due to the refractory period of the repolarizing 

tissue. In this case, conduction is blocked in that one direction, but not the surrounding 

directions, breaking up the original wave into two. Similar to before, if given enough room for 

the tips to not collide and annihilate, the two wavefronts reenter on each other to form what is 

called a figure-of-eight reentry with two symmetrical spiral waves. Therefore, the entirety of 

the trigger substrate interaction in this mechanism boils down to whether the timing and the 

geometry allows for unidirectional conduction block to occur with enough room for reentry, 

similar to the concept of the vulnerable window in S1-S2 initiation although less clearly defined. 

Dispersion of repolarization, or a wide range of heterogenous APDs across the tissue, is known 

increase the likelihood that unidirectional conduction block will occur somewhere in the tissue, 

and therefore is considered a functional substrate for arrhythmias.  
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Triggers and substrates traditionally have been considered as independent factors, with the 

probability of arrhythmias being the probability of a trigger occurring coupled with the timing in 

relation to a substrate 26, 64. This interpretation is often cited as a qualitative explanation to 

justify the relative rarity of arrhythmia events, even in those patients with risk factors. This 

thinking was also the original justifications for trials such as CAST, as eliminating potential PVC 

triggers with sodium channel blockers was envisioned to have eliminated the arrhythmias as 

well. However, as discussed previously, the result in this case was in fact the opposite, with the 

reduction of PVC triggers paradoxically increasing overall mortality from arrhythmias. Thus, it 

has become clear that the real physiology in the heart is more complicated than independent 

triggers and substrates meeting by chance. An intervention that decreases the incidence of 

triggers may actually simultaneously make the substrate worse, or in some cases there may not 

be a clear distinction between the trigger and substrate at all when arrhythmogenesis occurs.  

Throughout this dissertation, the complex nature of triggers and substrates is investigated with 

a focus on advancing our understanding of clinically relevant spontaneous arrhythmogenesis 

beyond the traditional paradigm.  

Calcium cycling and delayed afterdepolarizations 

A major source of spontaneous triggered activity is thought to arise from DADs 5, 26, 64-67. DADs 

are simply defined as additional depolarizations during late phase 4 after an AP has already 

finished repolarizing. They are known to occur more frequently in diseased hearts, including 

those in heart failure, CPVT, and calcium overload conditions, and are mechanistically linked to 

spontaneous calcium waves. Calcium is one of the most involved ions in the myocyte, 
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responsible for both the plateau phase of the AP as well as being the primary link in excitation-

contraction coupling. As such, the myocyte has large stores of Ca2+ in the SR which is released 

through calcium-induced calcium-release (CICR) in concert with the membrane ICa,L. This tight 

coupling between the membrane calcium current and the SR release forms what is called the 

calcium cycling system of the myocyte. 

The fundamental functional unit of the calcium cycling system is the calcium release unit (CRU) 

9. A basic CRU consists of a specialized junctional domain of the SR with special calcium release 

channels called ryanodine receptors (RyRs) in close proximity with the myocyte membrane’s L-

type calcium channels. After an action potential releases the SR Ca2+ into the cytoplasm, the 

SERCA channel uses ATP to pump the Ca2+ back into the SR, ready for the next beat. The Na-Ca 

exchanger (NCX) and Na-K pump also play a role in maintaining Ca2+ balance. These processes 

are collectively referred to as calcium cycling, as the myocyte’s calcium is constantly cycled 

between the SR and the cytoplasm to facilitate contraction, tightly coupled to the electrical AP.  

A ventricular myocyte contains a large CRU network consisting of approximately 20,000 CRUs 

integrated into its T-tubule network. When one CRU fires, aka the RyRs open and begin 

releasing Ca2+ from the SR, Ca2+ can diffuse in the cytoplasm to neighboring CRUs, which 

through CICR can cause the neighbors to fire as well, a process sometimes referred to as “fire-

diffuse-fire”. If a number of neighboring CRUs are able to fire together, they can form a Ca2+ 

spark 68, 69. If neighboring CRUs are able to sustain a chain of sequential firings, then a Ca2+ wave 

can occur 68. The transition between Ca2+ sparks and Ca2+ waves can be explained neatly 

through a theory of self-organized criticality with a dependence on Ca2+ load as well as RyR 

leakiness 70, 71. It is these spontaneous Ca2+ waves that are thought to generate DADs, as an 
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excess of Ca2+ in the cytoplasm will activate NCX to restore Ca2+ balance, producing a voltage 

depolarization as current moves across the channel. If the membrane voltage is able to rise to 

the level of the sodium channel threshold (~60 mV), a triggered AP can occur in the myocyte. 

For coupled cardiac tissue, the requirements for triggered activity (TA) also involve the source-

sink relationship between the cells having DADs and those without, as the cell voltages will be 

smoothed across the tissue. If the DADs are able to cause TA in tissue, they may propagate out 

as a target wave PVC and potentially act as an arrhythmogenic trigger if it encounters a 

substrate.  

Chapters 2, 3, and 4 of this dissertation all investigate arrhythmogenic mechanisms related to 

DADs using a combined computational and experimental approach. Computer modeling and 

patch clamp experiments in isolated myocytes provide complimentary tools to test our 

hypotheses. Chapter 2 looks at the factors affecting the single myocyte threshold for DADs to 

elicit triggered activity, which is elucidated in the case of hypokalemia and is not strictly just the 

Na channel threshold at -60 mV. An analytical expression for this “dynamical threshold” for 

triggered activity is derived from non-linear dynamics analysis, which is then validated in both 

single cell computer modeling as well as patch clamp experiments in rabbit myocytes. Chapter 3 

explores the multiple factors that affect the probability of TA formation in tissue, using 

experimentally measured DAD properties as physiological inputs into the cardiac tissue 

simulations. Chapter 4 then uses computational modeling to investigate the role DADs play at 

the tissue level not only as arrhythmogenic triggers, but also as a functional substrate as well, 

combining the origins of trigger and substrate from the same source. 
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Long QT syndromes 

Long QT syndromes (LQTS) are also associated with increased risk of arrhythmias, particularly 

polymorphic ventricular tachyarrhythmias (PVT) and torsades de points (TdP) 25, 72-76. LQTS can 

be congenital LQTS, arising from numerous different genetic mutations with 16 different 

subtypes 77, or acquired LQTS due to drug side effects 28. While the specific ionic causes of LQTS 

can differ (e.g. LQT1 is a mutation in IKs, LQT2 in IKr, and LQT3 in INaL), they all result in a 

prolonged QT interval. The QT interval is the time between the QRS complex and the end of the 

T-wave on ECG, which roughly corresponds to the time interval between ventricular 

depolarization and repolarization, mainly affected by the cellular APD. The classical mechanism 

by which LQTS leads to arrhythmias also generally follows the traditional trigger substrate 

paradigm. APD prolongation can enhance existing heterogeneities, and is additionally 

exacerbated under beta-adrenergic stimulation, which leads to an increased dispersion of 

repolarization, a well-known substrate for reentrant arrhythmias 26.  

APD prolongation is also known to make myocytes prone to EADs, which are after-

depolarizations occurring earlier than DADs during phase 3 of the AP 78, 79. Cellular EADs have 

been studied extensively in both experimental and computational contexts and are known to 

arise due to a reactivation of the ICaL window current 80-82. EADs in tissue also are affected by 

the source-sink relationship 83, 84 although the propagation of PVCs from an ICaL instability in 

tissue has been shown to not necessarily require EADs to be present 73. Therefore, it is thought 

that APD prolongation may also increase EAD-mediated triggered activity acting as an 

arrhythmogenic trigger. 
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Chapter 5 investigates mechanisms of arrhythmia formation in different LQTS genotypes, not 

only with respect to arrhythmia initiation itself but also explaining the characteristic ECG 

patterns commonly seen in LQTS patients before PVT occurs, including pause-dependent short-

long-short sequences, T-wave alternans, and R-on-T phenomena. We detail a novel common 

mechanism of LQTS arrhythmias, which we call “R-from-T”, that blurs the distinction between 

trigger and substrate roles. Using our new knowledge of this common mechanism, we then 

detail a unified therapeutic strategy for arrhythmia prevention in LQTS.  

Multiscale computational modeling of cardiac electrophysiology 

Computational modeling is an important research tool, complementary to experimental and 

clinical studies, to reveal the underlying mechanisms of arrhythmias. Modeling studies have a 

unique advantage in investigating the specific effects of each individual change involved in 

cardiac remodeling due to the accessibility of all state variables in the cell throughout the 

simulation experiment. Furthermore, computer modeling is able to simulate interventions and 

track multiple parameters in ways that are physically impossible in experimental models, 

providing crucial mechanistic insight. In this dissertation, cardiac electrophysiology is modeled 

at multiple levels as appropriate to the question at hand (Figure 1-6). While anatomical whole 

heart modeling with a full Purkinje network system is necessary for certain clinical questions, 

such as investigating the ECG patterns of LQTS initiation, many mechanistic insights are actually 

more easily obtained in concert with simpler cellular or tissue models. Ultimately, a 

combination of modeling scales is usually appropriate for the most complete understanding of 

the phenomenon.  
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Single myocyte modeling 

Cardiac computational modeling was first performed in 1963 by Denis Noble’s group who 

developed the first cardiac AP model using modified Hodgkin-Huxley neuronal AP equations 

computed on a 1 ton “Ferranti Mercury” computer 85. Since then, many cardiac AP models have 

been creating ranging over many cell types and species 86-92. Early models, such as the Luo-Rudy 

(LR1) guinea pig model 90 only incorporated Na+, Ca2+, and K+ currents, while the later models 

include not only numerous currents, but also equations for the calcium cycling system as well 89, 

91, 92.  

 

Figure 1-6: Multiscale cardiac modeling 

The heart has many different scales of dynamics traversing from a single myocyte to the whole 
heart. Simulations should be performed at a scale appropriate for the problem at hand for the 
clearest understanding of the phenomenon. 
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Despite the large diversity of models, all single myocyte action potentials are simulated in a 

similar manner. The master ordinary differential equation (ODE) for the membrane voltage of 

the myocyte is  

𝑑𝑉
𝑑𝑡 = −	

1
𝐶)

	 ∙ 	𝐼,-,./  

where dV/dt is the change in voltage over time, Cm is the membrane capacitance, and Itotal is the 

sum of all ionic currents in the cell. Therefore, to compute the change in voltage over any given 

simulation timestep, we only needs to compute the numerical value of Itotal. Each of the 

component currents in Itotal will have their own set of differential equations, and can consist of 

Hodgkin-Huxley type equations, Markov chain formulations, or other voltage or ligand gated 

schemes. Regardless of the details, as long as a numerical value can be computed for each 

current, the equation for voltage can be numerically integrated. As the cardiac myocyte is a non-

conservative system, a simple Euler integration scheme usually suffices, although this can be 

supplemented with adaptive time-stepping or higher order (e.g. Runge-Kutta) methods when 

required.  

In this dissertation, the cellular AP models used were the UCLA rabbit ventricular myocyte model 

91 in Chapters 2, 3, and 4, and the O’Hara-Rudy human ventricular myocyte model 92 and the 

Stewart human Purkinje fiber model 88 in Chapter 5. 

Cardiac tissue modeling 

To model cardiac tissue coupled by gap junctions, the single cell ODE is modified with an 

additional partial differential equation (PDE) term to describe the diffusion of voltage between 
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neighboring cells.  Gap junctions are modeled as passive channels obeying Ohm’s law (∆𝑉 =

𝐼𝑅). Adding this results in the following general tissue master equation 

𝜕𝑉
𝜕𝑡 = −	

1
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	 ∙ 	𝐼,-,./ + 𝐷 5
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where D is the voltage diffusion constant related to gap junction connectivity, and 
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B is the net differences in voltage between neighboring cells in all directions. 

The diffusion constant D can be modified to simulate conditions of reduced gap junction 

conductance and slow conduction. Because the time scales of the ionic ODE and the diffusion 

PDE can be different, techniques such as operator splitting have been developed to allow for 

more efficient computation 93. Advances in general-purpose graphics processing unit (GPGPU) 

technology has also allowed for massively parallel simulations, reducing the computational 

runtime of cardiac tissue simulations by orders of magnitude. This computational speed up 

becomes necessary as the tissue size is scaled up, especially at the whole organ level. 

Anatomical whole heart modeling 

Modeling the heart at the whole organ level is a complex and intensive task, but necessary to 

investigate the clinical ECG features in LQTS in Chapter 5. The basic principles of modeling the 

anatomical heart are more or less similar to those governing cardiac tissue. The cellular ODE 

still applies for every cell in the heart, except now there are millions of cells to be computed, 

and there still needs to be a differential equation governing the voltage diffusion between 

neighboring cells. Unlike general cardiac tissue, the cells in the anatomical heart are not 

arranged in a strict rectangular grid and instead form fibers with anisotropic conduction 
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properties following a complex geometrical pattern. Models can either use experimentally 

measured fiber orientations, often obtained using diffusion-tensor weighted MRI (DT-MRI) 94, 95, 

or use a general set of fiber rotation principles called the Streeter rules 96. From this, the 

anatomical heart is governed by the following partial differential equation 

𝜕𝑉
𝜕𝑡 = −𝐼C-D/𝐶) +FF

𝜕
𝜕𝑥C

𝐷CG
𝜕
𝜕𝑥G

𝑉
GC

 

where Dij is the 3D conductivity tensor describing the anisotropy of voltage propagation 

corresponding to the fiber direction field, with i,j as indices for the 3 cartesian dimensions. 

Anatomical heart modeling also can incorporate a coupled Purkinje network model 97-100. As 

described in more detail in Chapter 5, the cardiac conduction system was modeled starting at 

the AV node, including the His bundle and the Purkinje network which is ultimately coupled to 

the ventricular myocardium. Our model represented the Purkinje network as a connected set of 

1D cables that branches into a mesh network at the endocardial surface. Altogether, this 

coupled Purkinje ventricular model enables the simulation of retrograde conduction block and 

compensatory pauses following PVCs that play an important role for arrhythmogenesis in LQTS.  
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Chapter 2: A dynamical threshold for cardiac delayed 

afterdepolarization-mediate triggered activity 
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Abstract 

Ventricular myocytes are excitable cells whose voltage threshold for action potential (AP) 

excitation is around -60 mV at which INa is activated to give rise to a fast upstroke. Therefore, 

for a short stimulus pulse to elicit an AP, a stronger stimulus is needed if the resting potential 

lies further away from the INa threshold, such as in hypokalemia. However, for an AP elicited by 

a long duration stimulus or a diastolic spontaneous calcium release, we observed that the 

stimulus needed was lower in hypokalemia than in normokalemia in both computer simulations 

and experiments of rabbit ventricular myocytes. This observation provides insight into why 

hypokalemia promotes calcium-mediated triggered activity, despite the resting potential lying 

further away from the INa threshold. To understand the underlying mechanisms, we performed 

bifurcation analyses and demonstrated that there is a dynamical threshold, resulting from a 

saddle-node bifurcation mainly determined by IK1 and INCX. This threshold is close to the voltage 

at which IK1 is maximum, and lower than the INa threshold. After exceeding this dynamical 

threshold, the membrane voltage will automatically depolarize above the INa threshold due to 

the large negative slope of the IK1-V curve. This dynamical threshold becomes much lower in 

hypokalemia, especially with respect to calcium, as predicted by our theory. Because of the 

saddle-node bifurcation, the system can automatically depolarize even in the absence of INa to 

voltages higher than the ICa,L threshold, allowing for triggered APs in single myocytes with 

complete INa block. However, since INa is important for AP propagation in tissue, blocking INa can 

still suppress premature ventricular excitations in cardiac tissue caused by calcium-mediated 

triggered activity. This suppression is more effective in normokalemia than in hypokalemia due 

to the difference in dynamical thresholds. 
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Introduction 

Under normal conditions, ventricular myocytes have a diastolic resting potential around     -80 

mV, stabilized by the inward rectifier K+ current (IK1). An action potential (AP) can be elicited by 

a brief current pulse, overcoming the stabilizing effect of IK1 and bringing the voltage to the 

threshold (~-60 mV) for Na+ current (INa) activation. In other words, the voltage threshold for 

eliciting an AP using a brief stimulus pulse is near the INa threshold around -60 mV for a 

ventricular myocyte. Therefore, when the resting potential is hyperpolarized (e.g., under 

hypokalemic conditions), a larger stimulus current for a brief pulse is needed to depolarize the 

membrane voltage to the INa threshold to elicit an AP. Similarly, the conduction velocity (CV) in 

cardiac tissue is slower for a hyperpolarized resting potential 1-3. The resting potential of a 

ventricular myocyte can also be destabilized by reduction of IK1 to result in pacemaking activity 

4, 5 or delayed afterdepolarization (DAD)-mediated triggered activity (TA) 6-8. In both cases, a 

lowered IK1 allows the Na+-Ca2+ exchange current (INCX) to overcome the repolarizing effect of 

IK1, depolarizing the cell to the INa threshold for AP generation.  

A DAD is a voltage depolarization caused by spontaneous calcium (Ca2+) release (SCR) during 

the diastolic phase following a previous AP 9-13. If the depolarization is large enough to reach 

the INa threshold, the DAD can trigger an AP causing TA. This phenomenon is potentiated by 

various diseased conditions including heart failure 7, 14 and hypokalemia 15. In heart failure, 

ryanodine receptors (RyRs) become leaky, which promotes SCRs resulting in DADs. In addition, 

IK1 is reduced and INCX is increased, which decreases the diastolic Ca2+-to-voltage gain to 

promote TA.  
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In hypokalemia, multiple factors come into play. Na+-K+ pump activity is reduced which results 

in an elevated intracellular Na+ concentration 16, 17. This inhibits forward Na+-Ca2+ exchange, 

which increases intracellular Ca2+ concentration and promotes SCR. Hypokalemia also causes a 

reduced IK1 conductance, which tends to destabilize the resting potential and potentiates DAD-

mediated TA. However, hypokalemia also causes a hyperpolarized resting potential through the 

left-shift of reversal potential EK. This acts to move the membrane voltage further away from 

the INa threshold, which would seem to counter the TA promoting effect of reduced IK1. 

A recent theoretical study by Greene and Shiferaw 18 showed that the voltage threshold for 

DAD-mediated TA is actually lower than the INa threshold, and is determined by the voltage at 

which IK1 is maximal. These findings indicate that the traditional understanding of the voltage 

threshold for DAD-mediated TA as the voltage threshold for INa activation needs to be revisited.  

In this study, we seek to dissect the determinants of the threshold for DAD-mediated TA in 

normokalemic and hypokalemic conditions, using patch clamp experiments, computer 

simulations, and nonlinear dynamics. We show that there exists a dynamical threshold for TA, 

which is a saddle-node bifurcation point, mainly determined by IK1 and INCX. This threshold 

becomes lower in hypokalemia, potentiating DAD-mediated TA in hypokalemia. 
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Methods 

Myocyte experiments 

Ventricular myocyte isolation. Young adult (3-4 months of age) New Zealand white male rabbits 

(1.7–2.0 kg) were euthanized by intravenous injection of heparin sulfate (1000 U) and sodium 

pentobarbital (100 mg/kg). Hearts were quickly excised by thoracotomy and retrogradely 

perfused at 37 °C in Langendorff fashion with Ca2+-free Tyrode’s solution for 5-7 minutes 

followed by enzyme digestion perfusion with Tyrode’s solution containing 0.05 mg/mL Liberase 

TH (Roche, South San Francisco, CA) for 20-30 minutes at 25 mL/min. The Tyrode’s solution 

contained the following (in mmol/L): 136 NaCl, 5.4 KCl, 0.33 NaH2PO4, 1.0 MgCl2, 10 HEPES, and 

10 glucose (pH 7.4 with KOH). All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) 

unless indicated otherwise. Myocytes were separated from digested ventricles by gentle 

mechanical dissociation in 0.2 mM Ca2+ Tyrode’s solution. Ca2+ concentration was gradually 

increased to 1.8 mmol/L over 30 min. Myocytes were used within 6-8 hours. All procedures 

complied with UCLA Animal Research Committee policies. 

  

Patch clamp experiments in myocytes. Standard whole-cell patch clamp methods were used to 

measure voltage in the current clamp mode. Borosilicate glass electrodes (tip resistance 1.4-2.2 

MΩ) were filled with internal solution containing (in mmol/L) 110 K-Aspartate, 30 KCl, 5 NaCl, 

10 HEPES, 5 MgATP, 5 creatine phosphate, 1 KH2PO4, and 0 EGTA (pH 7.2 with KOH). All 

chemicals were purchased from Sigma unless indicated otherwise. Data were acquired with an 

Axopatch 200A patch-clamp amplifier and Digidata 1200 acquisition board driven by pCLAMP 
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9.0 software (Axon Instruments, Inc., Union City, CA). Corrections were made for liquid junction 

potentials. Signals were filtered at 1 kHz. All experiments were carried out in Tyrode’s solution 

maintained at 37°C. Constant current square pulses (2 ms or 200 ms duration) were applied 

step-wise in 0.1 nA increments from -0.2 nA up to 3.0 nA to determine AP thresholds under 

normokalemic ([K+]o = 5.4 mM) or hypokalemic ([K+]o = 2.7 mM) conditions.  For experiments 

involving Na+ channel blockade, patch-clamped myocytes were rapidly superfused with either 

normal Tyrode’s solution or Tyrode’s solution containing 20 μmol/L tetrodotoxin (TTX) (Tocris 

Bioscience, Bristol, UK) using a rapid solution exchange device 19 positioned near the myocyte 

under the control of Axopatch software. 

 

Computer simulations 

Computer simulations were performed in a single cell and one-dimensional (1D) cables using 

the AP model previously described by Mahajan et al 20. In the single cell simulations, the cell 

model was first pre-paced to its steady state. Spontaneous Ca2+ release were simulated by 

clamping the myocyte submembrane Ca2+ ([Ca2+]s) level to a Gaussian-like shape during the 

diastolic phase after an stimulated AP, i.e., [𝐶𝑎6J]L = 𝐶𝑎MN.O 	 ∙ 𝑒
Q(STSU)

=

=W= , where t0 is the peak 

time of  [Ca2+]s (t was set to zero at the time of the stimulation, see Fig.2-1),  σ determines the 

width of the Ca2+ transient, and Capeak is the peak [Ca2+]s value. σ = 150 ms and t0 = 850 ms were 

used for all simulations unless otherwise specified. Submembrane Ca2+ was used to determine 

Ca2+ thresholds to produce a DAD of sufficient amplitude to cause TA, since the INCX dependence 
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on Ca2+ is specifically formulated in terms of submembrane Ca2+. Normokalemia and 

hypokalemia were simulated by changing the value of [K+]o from 5.4 mM to 2.7 mM. 

Intracellular sodium ([Na+]i) was clamped to 10 mM. 

1D cable simulations were carried out using the following equation for voltage 

<>
<,
= −𝐼C-D/𝐶) + 𝐷(<

=>
<?=
)               (1) 

where V is the membrane voltage, Cm=1 µF/cm2 is the membrane capacitance, and D is the 

diffusion constant set to 0.0005 cm2/ms. The pre-paced single-cell steady state was used as 

initial condition for each cell in the cable. DADs were simulated by a time-dependent 

 

Figure 2-1. Simulated DAD and TA using the AP model.  

Membrane voltage (upper traces) and submembrane Ca2+ concentration ([Ca2+]s, lower traces) 
during a normal stimulated AP followed by a DAD due to spontaneous Ca2+ release which is just 
above (solid lines) or below (dashed lines) the threshold to trigger an AP. The black traces are for 
normokalemia ([K+]o=5.4 mM), and the red ones are for hypokalemia ([K+]o=2.7 mM). Open arrow 
indicates the INa threshold. The parameters for Gaussian-like function of the clamped spontaneous 
Ca2+ release (see Methods) were t0 = 525 ms and σ = 70 ms for all four traces. For normokalemia, 
Capeak= 1.258 μM (black solid) and 1.102 μM (black dashed), respectively. For hypokalemia, Capeak = 
0.790 μM (red solid) and 0.634 μM (red dashed). 
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commanded spontaneous release of the SR Ca2+ with random latencies drawn from a Gaussian 

distribution with a certain standard deviation as described previously 21, 22. Briefly, a SR release 

conductance was added with a certain strength and duration to release Ca2+ from the SR. The 

onset of this release was determined by a random latency drawn from the Gaussian 

distribution. A time adaptive algorithm was used with a time step (Δt) varying between 0.01 ms 

and 0.1 ms. In the single cell simulations, DAD-mediated triggered activity was considered to 

have occurred if the voltage exceeded 0 mV. In the cable simulations, if a propagating wave was 

detected at either end of the cable after the sinus beat, a propagating premature ventricular 

contraction (PVC) was considered to have occurred. 

Results 

Hypokalemia results in a lower threshold for DAD-mediated TA in a ventricular myocyte model 

We carried out simulations to examine the threshold for TA in the rabbit ventricular myocyte 

model by Mahajan et al 20. The spontaneous Ca2+ release that cause a DAD or TA was simulated 

by a clamped Ca2+ transient (see Methods). Fig.2-1 shows the voltage and [Ca2+]s for a 

stimulated beat followed by a spontaneous Ca2+ release just below (dashed) and above (solid) 

the threshold for TA.  Hypokalemia hyperpolarized the resting membrane potential to below -

100 mV.  Despite the resting potential being 20 mV more negative, the Ca2+ amplitude 

threshold for DAD-mediated TA is much lower during hypokalemia than normokalemia, 

indicating that hypokalemia substantially lowered the threshold for TA. This is consistent with 

well-known experimental observations that hypokalemia potentiates DAD-mediated TA despite 

hyperpolarizing the resting membrane potential 15. The voltage still needs to eventually 

depolarize past the INa threshold to result in a fast upstroke under both normokalemia and 
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hypokalemia. However, in the case of hypokalemia, a much smaller Ca2+ transient and thus a 

much smaller INCX was sufficient to depolarize the voltage to the same INa threshold. To gain a 

more complete understanding of the mechanisms underlying this phenomenon, we combined 

nonlinear dynamics analysis with computer simulations and patch clamp experiments as 

described in the sections below.    

Short and long current pulse thresholds for eliciting an AP 

Since the duration of a DAD is much longer than that of a typical electrical stimulus, we first 

studied the role that the duration of a pulse stimulus plays in eliciting an AP.  Fig. 2-2 compares 

excitation thresholds for a short (2 ms) versus a long (200 ms) current pulse to elicit an AP in a 

patch-clamped rabbit ventricular myocyte (current clamp mode) under both normokalemic 

([K]o=5.4 mM) and hypokalemic conditions ([K]o=2.7 mM).  Hypokalemia shifted the resting 

potential from -87 mV to -110 mV.  

 For the 2 ms current pulse (Fig.2-2A and B), the minimum current required to elicit an 

AP increased from 1.6 nA under normokalemic conditions to 2.1 nA under hypokalemic 

conditions, as expected due to the more hyperpolarized resting membrane potential during 

hypokalemia.  In both cases, the smallest current amplitude eliciting an AP depolarized the 

membrane very close to the INa threshold of -60 mV, followed by the AP upstroke within 5 ms.  

For the 200 ms current pulse (Fig.2-2C and D), however, the results were reversed, with the 

minimum current eliciting an AP decreasing from 0.6 nA during normokalemia to 0.5 nA during 

hypokalemia. Moreover, the smallest current amplitude eliciting an AP initially depolarized the 

membrane voltage to only -74 mV for normokalemia and -94 mV for hypokalemia. The 

membrane voltage then rose very slowly before finally reaching the INa activation threshold at 
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approximately -60 mV to generate the AP upstroke.  Thus, consistent with the predictions from 

Greene and Shiferaw 18, the threshold for a long current pulse to elicit an AP was considerably 

more negative than -60 mV, especially during hypokalemia.   

 

Figure 2-2. Current thresholds for triggering an AP by short and long stimuli in normokalemic 
([K+]o=5.4 mM) and hypokalemic ([K+]o=2.7 mM) rabbit ventricular myocytes.  

A. Superimposed voltage (upper) and current (lower) traces during 2 ms current pulses of increasing 
amplitude in a normokalemic patch clamped rabbit ventricular myocyte. The minimum current 
needed to elicit an AP was 1.6 nA. B. Same as A but during hypokalemia. With a hyperpolarized 
resting potential, the minimum current needed to elicit an AP increased to 2.1 nA. C-D.  
Corresponding traces for 200 ms current pulses. The minimum current needed to elicit an AP was 0.6 
nA, which decreased to 0.5 nA during hypokalemia. Note how the take-off potential is lower than the 
INa activation threshold at -60 mV, and is further lowered in hypokalemia. 
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To analyze the dynamics underlying these behaviors, we considered a system composed only of 

IK1 and the stimulus current (Isti), described by the following differential equation:   

X>
X,
= −(𝐼YZ + 𝐼L,C)/𝐶)           (2) 

where Isti is a square pulse with a duration (t) and height (I0), i.e.,  

𝐼L,C = [−𝐼\,					0 ≤ 𝑡 ≤ t
0,					𝑡 > t                 (3) 

The resting potential of Eq.2 is simply the reversal potential (EK) of IK1. The voltage at the end of 

the stimulus current pulse (𝑡 = t) is given by 

𝑉(t) = ∫ −(𝐼YZ − 𝐼\)/𝐶)𝑑𝑡
t
\           (4) 

To facilitate analytical solutions of Eq.2 or Eq.4, we approximated IK1 by a piece-wise linear 

function as follows (Fig.2-3A): 

𝐼YZ = b
a(𝑉 − 𝐸Y),							𝑉 < 𝑉).?

b(𝑉\ − 𝑉),						𝑉).? ≤ 𝑉 ≤ 𝑉\
0																				𝑉 > 𝑉\

               (5) 

where a = efg,hij
>hijQkf

 and b = efg,hij
>UQ>hij

. IK1,max is the peak IK1 at Vmax. Vmax and V0 are defined as in 

Fig.2-3A. 

When 𝐼\ 	< 	 𝐼YZ,).?, Eq.4 can be explicitly solved, which leads to 

𝑉(t) = 𝐸Y +
eU
a
− eU

a
𝑒Q

at
lh                (6) 

For an infinitely long pulse, the voltage reaches a steady state, which is given by 
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𝑉(t → ∞) = 𝐸Y +
eU
a
< 𝑉).?             (7) 

When 𝐼\ 	> 	 𝐼YZ,).?, the solution of Eq.2 can be expressed with three time regions as follows: 

For 𝑡	 < 	𝑡’, 

𝑉(𝑡) = 𝐸Y +
eU
a
− eU

a
𝑒Q

aS
lh               (8) 

with t’ as the time at which 𝑉(𝑡’) = 𝑉).?, obtained from Eq.8 as 

𝑡p = − qh
a
𝑙𝑛

Q(>hijQkfQ
tU
a )a

eU
                      (9) 

 2)  For 𝑡’	 < 	𝑡	 < 	𝑡”, 

𝑉(𝑡) = 𝑉\ −
eU
b
+ (𝑉).? − 𝑉\ +

eU
b
)𝑒

b(STSv)
lh             (10) 

with t” as the time at which 𝑉(𝑡”) 	= 𝑉\, obtained from Eq.10 as 

𝑡" = 𝑡′ + qh
b
𝑙𝑛

tU
b

>hijQ>UJ
tU
b

                      (11) 

 3) For 𝑡 > 𝑡"	, 

𝑉(𝑡) = 𝑉\ + 𝐼\(𝑡 − 𝑡")/𝐶)                         (12) 

Since the INa threshold (Vth,Na) is near -60 mV, which is higher than Vmax but lower than V0 (see 

Fig.2-3A), then only the cases where 𝑡	 < 	𝑡” need to be considered. Assume that at 𝑡 = t, the 

voltage reaches the INa threshold, i.e., 𝑉(t) = 𝑉,y,z.. Eq. 10 then becomes 

𝑉,y,z. = 𝑉\ −
eU,S{
b
+ (𝑉).? − 𝑉\ +

eU,S{
b
)𝑒

b(tTSv)
lh                    (13) 
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which leads to  

t = 𝑡p + qh
b
𝑙𝑛

>S{,|iQ>UJ
tU,S{
b

>hijQ>UJ
tU,S{
b

                          (14) 

By inserting 𝑡’ from Eq.9 to Eq.14, one obtains  

t = qh
b
𝑙𝑛

>S{,|iQ>UJ
tU,S{
b

>hijQ>UJ
tU,S{
b

− qh
a
𝑙𝑛

Q(>hijQkfQ
tU,S{
a )a

eU,S{
           (15) 

By setting t = ¥ in Eq.15 (this can only be satisfied if the second logarithmic term goes to 

infinity), the minimum stimulus strength can be calculated as  

𝐼\,,y = a	(𝑉).? − 𝐸Y) = 𝐼YZ,).?                (16) 

Therefore, when 𝐼\,,y < 𝐼YZ,).?, the voltage can never reach Vth,Na but rather asymptotically 

approaches the steady state (Eq.7), which is always lower than Vmax. However, when 𝐼\,,y >

𝐼YZ,).?, there always exists a finite t during which the voltage can grow to reach Vth,Na. 

 Hypokalemia has three main effects on IK1: a left-shift of EK, a left-shift of Vmax, and a 

reduced IK1,max as shown in Fig.2-3A.  

 In Fig.2-3B, we plot the threshold current I0,th versus the pulse duration t using Eq.15 for 

both normokalemia and hypokalemia, showing that I0,th is smaller for normokalemia than for 

hypokalemia when t < 29 ms, which is reversed when t > 29 ms. We also plot in Fig.2-3B the 

corresponding results (circles) from the computer simulation using the rabbit ventricular 

myocyte model, which agrees well with the theoretical prediction. Figs.2-3C and D show two  
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Figure 2-3.  Theoretical analysis of the current threshold for triggering an AP by a pulse stimulus.  

A. The IK1-V curves for normokalemia ([K+]o=5.4 mM, black) and hypokalemia ([K+]o=2.7 mM, red). 
The IK1 curve is mainly determined by 4 parameters: EK, IK1,max, Vmax, and V0. To most closely match 
the actual IK1 curves, for normokalemia we used EK = -86.5 mV, IK1,max = 1.47 A/F, Vmax = -73 mV, and 
V0 = -25 mV. For hypokalemia, we used EK = -104.5 mV, IK1,max = 1.04 A/F, Vmax = -92 mV, and V0 = -
43 mV in the linear piecewise approximation for IK1 (dotted line) used for the analytical treatment. 
The blue horizontal line represents an example constant inward current that is subthreshold in 
normokalemia but suprathreshold in hypokalemia. Circles are the points at which the net current is 
zero, i.e., the equilibrium points. The solid circle marks a stable equilibrium point and the open 
circle is an unstable equilibrium point in normokalemia. In hypokalemia, this example has no 
equilibrium point. B. The threshold current (I0,th) versus pulse duration (t) from the theoretical 
prediction (lines), and from the simulations (dots) using the AP model with a constant stimulus 
pulse of varying duration in normokalemia (black) and hypokalemia (red). The open arrow points 
to where the current threshold reverses between normokalemia and hypokalemia. C-D. Voltage 
(upper) and current (lower) traces corresponding to 200 ms current pulses of increasing amplitude 
during normokalemia and hypokalemia, from the simulations using the AP model. The minimum 
current needed to elicit an AP was 0.5 nA, which decreased to 0.4 nA in simulated hypokalemia. 
Note again how the takeoff potential is lower than the INa activation threshold, and is further 
lowered in hypokalemia.   
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examples of incremental current amplitudes with a 200 ms pulse duration to illustrate the 

threshold current in normokalemia ([K+]o = 5.4 mM) and hypokalemia ([K+]o = 2.7 mM).  

 Based on Eqs.15 and 16, the threshold current I0,th to elicit an AP depends on the voltage 

threshold of the Na+ channel (Vth,Na) for a short stimulus pulse but not for a long pulse. This 

indicates that in the absence of Na+ current (INa), a larger I0,th is required to elicit an AP for a 

short pulse since the voltage threshold (Vth,Ca) for L-type Ca2+ channel is higher (around -40 mV). 

For a long pulse, I0,th will remain unchanged since Eq.16 is independent of either Vth,Na or Vth,Ca. 

To demonstrate this experimentally, we performed patch clamp experiments as in Fig.2-2 by 

blocking the Na+ channel using TTX (Fig.2-4). For a 2 ms stimulation pulse, the addition of TTX 

increased the current threshold from 1.8 nA to 2.5 nA (Figs.2-4 A and B). However, for a 200 ms 

stimulation pulse, the addition of TTX did not change the current threshold, which remained at 

0.7 nA before and after TTX addition (Figs.2-4 C and D), agreeing with the theoretical 

prediction. Note that after TTX application, the turning points for steep upstroke occurred at 

higher voltages and the maximum upstroke slopes were reduced under both short and long 

pulses (see corresponding dV/dt plots in the insets).  This indicates that TTX was effective in 

blocking the Na+ channel and the AP upstroke after TTX was mediated by the L-type Ca2+ 

current (ICa,L). Based on our theory, this same observation should hold true for hypokalemia. 

However, the TTX effect of blocking the Na+ channel is voltage dependent, which becomes less 

effective for lower pre-holding voltages 23-25. Because of this voltage dependent behavior, we 

were not able to convincingly repeat this experimental protocol in hypokalemia.  
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Figure 2-4. Current thresholds for triggering an AP by short and long stimuli with and without TTX. 

A. Superimposed voltage (upper) and current (lower) traces during 2 ms current pulses of increasing 
amplitude in a normokalemic patch clamped rabbit ventricular myocyte (repeat of the protocol in Fig2.A 
in a different cell). The minimum current needed to elicit an AP was 1.8 nA. The inset shows the rate of 
change of the voltage traces (dV/dt). B. Same as A but in the presence of 20 µM TTX. With the addition of 
TTX, the minimum current needed to elicit an AP increased to 2.5 nA. The inset shows a 4-fold reduction 
in maximum dV/dt due to TTX. C-D.  Corresponding traces for 200 ms current pulses without and with 
TTX, respectively. The minimum current needed to elicit an AP was 0.7 nA in both cases, demonstrating 
no change in the current threshold by TTX. Again, the addition of TTX reduced the dV/dt. 

 



49 
 

Nonlinear dynamics caused by the interaction of IK1 and INCX 

 In contrast to constant current pulses, the depolarizing current INCX during a DAD is not 

constant, but a function of Na+, Ca2+ and voltage. Therefore, the analysis for constant current 

pulses above provides important qualitative insights, but it is not sufficient for a detailed 

understanding of the mechanisms of DAD-mediated TA. Here we further analyze the nonlinear 

dynamical interactions between IK1 and INCX using the following equation:  

X>
X,
= −(𝐼YZ + 𝐼zq})/𝐶)            (17) 

For simplicity, we first assume Na+ and Ca2+ to be constant parameters instead of changing 

variables, and thus Eq.17 is a nonlinear equation with respect to voltage only. At equilibrium,  

X>
X,
= 0, which leads to 

𝐼YZ = −𝐼zq}                    (18) 

i.e., when the magnitudes of the two currents are equal, the system is at an equilibrium point.   

Since the currents involved are nonlinear functions of voltage, multiple equilibria can exist. 

Fig.2-5A plots the I-V curves for IK1 and inverted INCX (-INCX), in which the intersections of the two 

curves are the equilibrium points. When Ca2+ is low, INCX is small and there is only one 

intersection close to the reverse potential of IK1 (EK). The net current is inward when voltage is 

more negative than the equilibrium point and outward when voltage is more positive (top 

panel in Fig.2-5B). Therefore, if the voltage is displaced away from the equilibrium voltage, it is 

automatically driven back toward the equilibrium point, and thus the equilibrium point is 

stable. As Ca2+ rises, the -INCX curve increases and shifts to the right, resulting in three 
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Figure 2-5. A dynamical threshold determined by IK1 and INCX for a constant Ca2+ conditions.  

A. I-V plot of IK1 and -INCX at [K]o = 5.4 mM (normokalemia), corresponding to low (0.3 µM), medium 
(0.6 µM), and high (0.9 µM) submembrane Ca2+ concentration levels. The solid circles are stable 
equilibrium points and the open circle is an unstable equilibrium point. Note how with low Ca2+ there 
is only one (stable) equilibrium point at low voltage, with medium Ca2+ there are three (stable-
unstable-stable) equilibrium points, and with high Ca2+ there is only one (stable) equilibrium point at 
high voltage. B. Net current versus voltage for the corresponding three cases in A, using the same 
symbols for the equilibrium points. C. Equilibrium voltage versus steady-state Ca2+ during 
normokalemia (black) and hypokalemia (red). Solid lines indicate stable equilibrium points and 
dashed lines unstable equilibrium points for the particular Ca2+ concentration. Arrows indicate the 
respective dynamical thresholds, which determine the voltage and Ca2+

 needed to cross the saddle-
node and elicit an AP. The green trace is an example of a simulated trajectory using the simple two-
current system consisting of IK1 and INCX, with a Ca2+ transient simulated by a Gaussian-shaped 
function similar to the function described in Fig.1. Note that voltage continues to increase for a 
period of time even after the Ca2+ concentration has started to decrease, due to crossing the 
dynamical threshold. 
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equilibrium points. The total net current changes from inward to outward, then to inward, and 

to outward again as voltage increases (middle panel in Fig.2-5B). Thus the lower and upper 

equilibrium points are stable while the middle is unstable. As Ca2+ rises above a critical level, 

the lower equilibria points converge then vanish, leaving only the single stable high voltage 

equilibrium point remaining. This behavior is summarized in Fig.2-5C by plotting the equilibrium 

voltages of this two-current system versus Ca2+ concentration, with the stable equilibrium 

points plotted as a solid line and unstable points as a dashed line. Therefore, when Ca2+ exceeds 

a critical value (arrows in Fig.2-5C), the membrane voltage will automatically depolarize 

towards the remaining single equilibrium point at high voltage. This occurs because of the steep 

negative slope of the IK1-V curve in this region causing IK1 to decrease faster than -INCX as voltage 

increases, making the net current always inward thereby depolarizing the membrane voltage 

further. The voltage at the critical point, which occurs where the -INCX curve lies exactly tangent 

to IK1 slightly above Vmax, is lower than the INa threshold. Therefore, once the voltage reaches 

this critical value, it will continue to rise. We call this critical voltage a dynamical threshold since 

it is determined by the nonlinear dynamics of the interaction between IK1 and INCX. The 

dynamical threshold is a bifurcation point called a saddle-node bifurcation point 26. 

Hypokalemia results in a lower voltage threshold (red line in Fig.2-5C) due to the left-shift of the 

IK1-V curve and reduction of maximum IK1 conductance.   

Influence of the intracellular Ca2+ waveform during spontaneous Ca2+ release on AP activation 

The nonlinear dynamics shown in Fig.2-5 is valid when Ca2+ is constant, but during a DAD, 

cytosolic Ca2+ concentration rises and then falls. As Ca2+ increases from the diastolic Ca2+ 

concentration, the system first follows the lower branch of equilibrium voltage.  When Ca2+ 
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increases past the critical value (arrows in Fig.2-5C), voltage will continue to increase even 

when Ca2+ is declining (green trajectory in Fig.2-5C). Therefore, whether a cell reaches the INa 

threshold to trigger an AP depends not only on crossing the dynamical threshold, but also on 

the rate of decay of Ca2+ influencing the INCX curve.  To investigate the effects of Ca2+ decay on 

the TA threshold, we varied the duration of a clamped Ca2+ transient with a Gaussian-like shape 

by changing the width of full width at half-maximum (FWHM). Fig.2-6A shows the Ca2+ transient 

amplitude threshold for TA (i.e. the peak amplitude of the Ca2+ transient required to trigger an 

AP) versus the width of the Ca2+ transient for different values of [K+]o. The Ca2+ transient 

amplitude threshold for TA decreased with lower [K+]o or a wider Ca2+ transient which decays 

more slowly. The dependence of the Ca2+ threshold on Ca2+ transient width gradually saturates 

when the Ca2+ transient FWHM is greater than about 200 ms. This indicates that when the Ca2+ 

transient duration is 200 ms or longer, the system has reached the steady state solution, closely 

agreeing with the prediction of the bifurcation analysis, when including INaK which contributes 

about 20% to the effective IK1 peak (dashed lines in Fig.2-6A). The FWHM was observed in 

rabbit ventricular myocytes to be 180-300 ms 27, which easily satisfies this condition and 

therefore are always in the regime of the dynamical threshold.  

As INCX and INaK both depend on the intracellular Na+ concentration of the myocyte, we 

investigated the effect of [Na+]i on the TA threshold. Fig. 2-6B shows that lower [Na+]i lowers 

the TA threshold, while higher [Na+]i increases the threshold. This can be explained by the two 

diastolic currents that [Na+]i affects: INaK and INCX. At higher [Na+]i, INaK contributes to a slightly 

higher effective IK1 peak through the INaK contribution, while INCX is reduced. Both of these 

factors would serve to make TA more difficult, requiring a higher Ca2+ trasient amplitude. With  
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Figure 2-6. Submembrane Ca2+ transient thresholds for TA.  

A. Ca2+ amplitude threshold for TA versus the full width at half maximum (FWHM) of the Ca2+ 
transient and DAD for three different [K]o (5.4 mM blue, 4.0 mM green, and 2.7 mM red). Dashed 
lines are the theoretical thresholds predicted using a three-current (IK1, INCX, and INaK) system, with INaK 
adding a small quantitative increase in the outward current. Since the Ca2+ transient is a Gaussian 
function instead of a constant value, the Ca2+ threshold at steady state is slightly above the 
theoretically predicted values. B. Ca2+ amplitude threshold for TA versus the intracellular Na+ 
concentration [Na+]i. Lower [Na+]i values result in a lower Ca2+ threshold. C. Equilibrium voltage 
versus steady state Ca2+ concentration under different conditions: control (black); reduced IK1 only 
(magenta); left-shifted EK only (cyan); and hypokalemia (red). Note how the dynamical threshold 
shifts with each condition. D. Ca2+ threshold results from simulations using the AP model under the 
same conditions in C. Both the left-shift of EK as well as the reduced IK1 peak conductance lower the 
Ca2+ threshold to elicit an AP. This can be predicted by the different dynamical thresholds in each 
condition as seen in C. 
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lower [Na+]i the opposite occurs, with INaK resulting in a slightly lower effective IK1 peak with 

increased INCX, allowing TA to occur more easily at a lower Ca2+ trasient amplitude. Note that 

these simulations only studied the effect of changing [Na+]i with a given Ca2+ transient, and did 

not take into account any Ca2+ loading effects caused by the changes in [Na+]i. 

 Finally, to sort out the effects of lowered resting potential and reduced IK1 conductance 

caused by hypokalemia, we carried out simulations under four conditions: 1) control 

(normokalemia); 2) reduced IK1 conductance only; 3) left-shift of IK1 through EK only, and 4) both 

reduced IK1 conductance and left-shift of EK (hypokalemia). Fig. 2-6C shows the steady-state 

equilibrium voltage versus Ca2+ obtained using the simple system described by only IK1 and INCX 

(Eq.17), which shows that the reduction of IK1 conductance and the left-shift of EK alone both 

resulted in similar lowered Ca2+ and voltage dynamical thresholds to elicit an AP. These 

predictions agreed with our simulation results (Fig. 2-6D) using the AP model.      

 

TA and PVC suppression by blocking INa 

 The theoretical analyses above and experiments shown in Fig. 2-4 suggest that even in 

the absence of INa, the voltage will depolarize automatically beyond the ICa,L threshold near -40 

mV to elicit an AP as long as the Ca2+ amplitude and duration exceed the dynamical threshold.  

This implies that blocking INa may not be effective in suppressing TA.  To demonstrate this 

effect, we carried out simulations in a single isolated myocyte by reducing the maximum 

conductance of INa from 12 mS/µF (the control value) to zero and determined the 

corresponding Ca2+ transient amplitude threshold for TA (Fig. 2-7A). For normokalemia, the Ca2+ 
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threshold increased slightly as gNa was reduced from 12 to 6 mS/µF (the Ca2+ threshold was 

increased from 1.1 µM to 1.25 µM), then exhibited a faster increase as gNa was reduced from 6 

to 3 mS/µF (the Ca2+ threshold was increased from 1.25 µM to 1.6 µM), and then saturated as 

gNa was finally reduced from 3 to 0 mS/µF. For hypokalemia ([K+]o=2.7 mM), the Ca2+ threshold 

remained almost the same until gNa was reduced to 4 mS/µF from which the Ca2+ threshold was 

increased abruptly from 0.7 µM to 1.8 µM and then saturated.  In both cases, the rapid increase 

in Ca2+ threshold as INa conductance decreases indicates the transition from a INa-mediated 

upstroke to a slower ICa,L-mediated upstroke, since it takes more time to reach the ICa,L 

threshold. Fig. 2-7B show AP and Ca2+ traces when INa = 0.  

 Although these results demonstrated that INa is not necessary for TA in single myocytes, 

whether this is also true for TA mediated PVCs in tissue was still unclear. To investigate the 

effect of INa block in cardiac tissue, we simulated a cable of 500 coupled myocytes with a central 

region of 40 cells exhibiting DADs of the same Ca2+ release strength but with different random 

latencies drawn from a Gaussian distribution (see Ref. 22) for more details of the method), as in 

Fig. 2-8A. For the control gNa value (12 mS/µF), the conduction velocity (CV) for AP conduction is 

~0.05 cm/ms for normokalemia and 0.042 cm/ms for hypokalemia, which decreases as gNa is 

lowered until gNa = 3 mS/µF, after which conduction completely fails (Fig. 2-8B). As expected, 

hypokalemia reduces excitability and thus slows conduction.  

We then calculated the probability of a PVC occurring in the cable at different levels of gNa in 

normokalemia and hypokalemia (Fig. 2-8C). For control gNa with this distribution of Ca2+ release 

strengths, the probability of PVC is about 65% in normokalemia but almost 100% in 

hypokalemia. In normokalemia, the probability of PVC decreased as INa decreased, which drops  
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Figure 2-7. Effects of INa blockade on TA in a single isolated myocyte.  

A. Submembrane Ca2+ transient threshold for TA versus gNa in normokalemia (black) and 
hypokalemia (red). For most gNa values, the Ca2+ threshold for TA is lower in hypokalemia than in 
normokalemia. B. Voltage and Ca2+ traces for Ca2+ transients just above threshold with gNa = 0, under 
normokalemic (black) and hypokalemic conditions (red). Due to the dynamical threshold 
automatically driving the voltage to the ICa,L threshold, we still can elicit a slow upstroke AP with 
complete INa block. 
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to near zero at gNa = 3 mS/µF. In hypokalemia, however, the probability of PVC exhibited almost 

no change until gNa was reduced to 3 mS/µF and then dropped rapidly to zero at gNa  = 2 mS/µF. 

In both cases, the probability of PVC became zero only when INa is too small (gNa = 2 mS/µF) to 

support conduction at all in the cable (Fig. 2-8B). Note that we used the same Ca2+ release 

strength for both hypokalemia and normokalemia, and since the Ca2+ threshold in hypokalemia 

is much lower than in normokalemia, the peak Ca2+ values were already much higher than the 

TA threshold in hypokalemia. Because of this, the Ca2+ transient in hypokalemia is strong 

enough to depolarize the voltage in the DAD region above the threshold for TA no matter how 

much INa is available, as long as there is enough INa strength for successful conduction (gNa > 2 

mS/µF).  If one used a lower Ca2+ release strength distribution, the probability of PVC would 

have a stronger dependence on INa, as shown in the normokalemia case. Therefore, at the 

tissue-scale, blocking INa can still suppress Ca2+-mediated PVCs as long as the Ca2+ transient is 

not much higher than the Ca2+ threshold for TA.  

Discussion 

 In this study, we investigated the voltage threshold for eliciting an AP by current pulses 

and DADs in ventricular myocytes. We show that a short current pulse must provide enough 

charge movement to directly depolarize the membrane potential to the INa threshold near -60 

mV to elicit a rapid AP upstroke. Therefore, when the resting potential is hyperpolarized and 

lies further away from the INa threshold, such as during hypokalemia, a stronger stimulus is 

required to elicit an AP, i.e. the excitability of a myocyte is reduced and conduction velocity in 

tissue is slower 1-3. However, during a long current pulse or a DAD, the threshold for triggering 

an AP is different. While the membrane voltage must eventually reach the INa threshold to  
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Figure 2-8. Suppression of PVCs in tissue by INa blockade.  

A. Representative voltage traces for a 1D cable of 200 cells with a region of 40 cells in the center 
exhibiting DADs with a release strength gspon = 0.250 ms-1 whose random latencies were drawn from 
a Gaussian distribution with time to onset t0,onset = 300 ms and standard deviation σlatency = 50 ms. 
(See ref (22) for method details. Note that in (22) t0 corresponds to the Ca release onset, not the Ca 
release peak as in this paper.) This particular example shows a paced beat propagating through the 
entire cable, followed by the central region exhibiting suprathreshold DADs that trigger a 
propagating PVC. B. Conduction velocity versus gNa for normokalemia (black) and hypokalemia (red). 
Conduction failure occurs for gNa < 3 mS/µF. C. The probability of PVC occurring in the cable (100 
random simulations per data point, ) versus gNa for normokalemia (black) and hypokalemia (red). For 
a fixed strength of spontaneous Ca2+ release in the DAD region, the probability of PVCs gradually 
decreased with lowered gNa in normokalemia, but remained high in hypokalemia until conduction 
failure occurred.  
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trigger a rapid AP upstroke, the true threshold for TA is a dynamical threshold.  In the case of a 

DAD, this dynamical threshold is mainly determined by IK1 and INCX (with INaK adding a small 

quantitative contribution, ~20% of the effective peak IK1) manifesting as a saddle-node 

bifurcation in which the dynamical threshold is the bifurcation point. The dynamical threshold 

occurs at a lower voltage than the INa threshold during both normokalemia and hypokalemia. 

Once intracellular Ca2+ rises and activates sufficient INCX to depolarize the myocyte past the 

dynamical threshold, the voltage continues to automatically depolarize to above the INa 

threshold due to a steep negative slope of IK1-V curve.  Thus, despite 

decreased excitability in response to short current pulses, DAD-mediated TA is facilitated by 

hypokalemia due to the lower dynamical threshold.  The nonlinear dynamical analysis shows 

that the lower dynamical threshold results from a reduced IK1 conductance, a well-known factor 

that promotes (DAD)-mediated TA 6-8, and from a left-shift of EK, such that a smaller Ca2+ 

transient is able to induce TA. Thus, the lower dynamical threshold interacts synergistically with 

another key effect of hypokalemia, Na+-K+ pump inhibition causing intracellular Ca2+ overload 16, 

17 and spontaneous diastolic Ca2+ release, to promote DAD-mediated TA. Since the voltage can 

automatically depolarize above the INa threshold to reach ICa,L threshold after passing the 

saddle-node bifurcation point (or the dynamical threshold), triggered APs can occur in single 

myocytes in the absence of INa, suggesting that blocking INa may not be effective at suppressing 

TA. However, since INa is important for AP propagation in tissue, blocking INa can still suppress 

PVCs in cardiac tissue caused by Ca2+-mediated TA. 

 Our findings expand on the previous work of Greene and Shiferaw 18, who 

demonstrated analytically that the threshold for AP excitation caused by a steady state 
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constant current pulse is lower than the INa threshold near the voltage at which IK1 is maximum.  

In addition to experimentally validating this prediction in isolated myocytes and extending the 

findings to hypokalemia, we performed a detailed analysis of the nonlinear dynamics for DAD-

mediated TA by considering a simple system incorporating the two currents most important in 

determining diastolic voltage, i.e., the IK1-INCX system. We showed that the two-current system 

can exhibit bistability and undergoes a saddle-node bifurcation which determines the 

dynamical threshold. Besides the existence of a dynamical threshold, the nonlinear dynamics 

also predicts the following:  

Once the voltage is above the dynamical threshold, the Ca2+ concentration does not necessarily 

need to increase further to depolarize the voltage to the INa threshold. The voltage can still 

automatically depolarize further even if Ca2+ decreases during this phase (Fig. 2-5C), as long as 

the rate of decrease in INCX is not faster than the decrease in IK1 as voltage rises to the INa 

threshold. 

The position of the upper equilibrium point is an important factor governing the automatic 

phase of depolarization beyond the dynamical threshold, affecting the efficiency at which the 

myocyte reaches the INa or ICa,L threshold. Note that in the constant stimulus current case as 

analyzed in this study and by Greene and Shiferaw 18, the upper equilibrium point does not 

exist. The upper equilibrium is mainly determined by INCX. It is obvious that the higher the upper 

equilibrium, the easier for the system to depolarize to the INa or ICa,L threshold. For example, 

increasing the magnitude of INCX (by simply increasing the INCX amplitude) has little effect on 

elevating the upper equilibrium point (although it can have an effect on lowering the dynamical 

threshold) because this only tilts the INCX curve more steeply to affect the saddle-node 
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bifurcation point. In contrast, increasing Ca2+ concentration can have a large effect on both the 

dynamical threshold and the upper equilibrium point, because in addition to tilting INCX, a larger 

Ca2+ also shifts the INCX curve to the right, increasing the margin between the INCX and IK1 curves. 

This steep tilt and right-shift of INCX effectively makes it easier to depolarize the voltage above 

the INa or ICa,L threshold. Similarly, reducing IK1 conductance can also lower the dynamical 

threshold but will have little effect on the upper equilibrium point.  

 

In conclusion, using nonlinear dynamics and patch clamp experiments, we have demonstrated 

the existence of a dynamical threshold for DAD-mediated TA, which is lower than the INa 

threshold. The dynamical threshold is further lowered by hypokalemia, facilitating DAD-

mediated TA by hypokalemia. Our dynamical analysis and computer simulation have 

demonstrated distinct roles of Ca2+, IK1, INCX, as well as INa in potentiating DAD-mediated TA, 

which not only provide important insights into the mechanism of DAD-mediated TA but also 

useful information for future development of antiarrhythmic therapies. 
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Chapter 3: Multiscale determinants of delayed afterdepolarization 

amplitude in cardiac tissue 
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Abstract 

Spontaneous calcium (Ca) waves in cardiac myocytes underlie delayed afterdepolarizations 

(DADs) which trigger cardiac arrhythmias. How these subcellular/cellular events overcome 

source-sink factors in cardiac tissue to generate DADs of sufficient amplitude to trigger action 

potentials (APs) is not fully understood. Here, we evaluate quantitatively how factors at the 

subcellular scale (number of Ca wave initiation sites), cellular scale (sarcoplasmic reticulum (SR) 

Ca load) and tissue scale (synchrony of Ca release in populations of myocytes) determine DAD 

features in cardiac tissue using a combined experimental and computational modeling 

approach. Isolated patch-clamped rabbit ventricular myocytes loaded with Fluo-4 to image 

intracellular Ca were rapidly paced during exposure to elevated extracellular Ca (2.7 mmol/L) 

and isoproterenol (0.25 μmol/L) to induce diastolic Ca waves and subthreshold DADs. As the 

number of paced beats increased from 1 to 5, SR Ca content (assessed with caffeine pulses) 

increased, the number of Ca wave initiation sites increased, integrated Ca transients and DADs 

became larger and shorter in duration, and the latency period to the onset of Ca waves 

shortened with reduced variance. In silico analysis using a computer model of ventricular tissue 

incorporating these experimental measurements revealed that whereas all of these factors 

promoted larger DADs with higher probability of generating triggered activity, the latency 

period variance and SR Ca load had the greatest influences. Therefore, incorporating 

quantitative experimental data into tissue level simulations reveals that increased intracellular 

Ca promotes DAD-mediated triggered activity in tissue predominantly by increasing both the 

synchrony (decreasing latency variance) of Ca waves in nearby myocytes and SR Ca load, 

whereas the number of Ca wave initiation sites per myocyte is less important. 
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Introduction 

Delayed afterdepolarizations (DADs) in cardiac tissue are transient depolarizations of the 

diastolic membrane voltage which can both trigger action potentials (APs) and generate a 

vulnerable substrate for reentrant arrhythmias 1. They constitute a major arrhythmogenic 

mechanism in the settings of heart failure, catecholaminergic polymorphic ventricular 

tachycardia (CPVT), digitalis toxicity, and other conditions in which intracellular calcium (Ca) 

cycling becomes unstable 2, 3. DADs are intimately linked to intracellular Ca waves originating 

from the subcellular Ca release unit (CRU) network in cardiac myocytes. CRUs consist of L-type 

Ca channels (LTCCs) in the t-tubule membrane apposed to ryanodine receptors (RyRs) at the 

sarcoplasmic reticulum (SR) membrane. Under conditions of Ca overload, groups of CRUs which 

spontaneously release SR Ca at one or more subcellular locations can initiate Ca waves that 

propagate regeneratively throughout the CRU network of the myocyte. The resulting increase 

in cytoplasmic free Ca stimulates Ca-sensitive inward currents, primarily the Na-Ca exchange 

current (INCX), which causes a transient membrane depolarization. If the DAD is large enough to 

reach the activation threshold for an AP, one or a series of APs called triggered activity (TA) can 

be elicited to initiate focal and/or reentrant arrhythmias 4-8. 

The time course and amplitude of a DAD in an isolated myocyte is shaped by two components: 

1) the time course and amplitude of the integrated whole-cell Ca transient caused by the 

underlying Ca wave(s) and 2) the sensitivity of the resting voltage to changes in intracellular Ca, 

the so-called diastolic Ca-voltage coupling gain 9. The second component is determined by the 

difference between inward current densities of INCX and other Ca-sensitive currents promoting 

depolarization to outward current densities opposing depolarization, primarily the inward 
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rectifier potassium (K) channel, IK1, in ventricular muscle and the His-Purkinje system. The first 

component, on the other hand, is more complex. At the subcellular scale, the location and 

number of initiation sites of Ca waves is a key determinant of the amplitude, rate-of-rise, and 

duration of the whole-cell Ca transient. For example, a Ca wave originating from the center of a 

myocyte will release SR Ca in half the time of a Ca wave originating from one end of the cell 

(assuming the same propagation speed), producing an integrated whole-cell Ca transient with 

approximately twice the amplitude, rate-of-rise, and half the width. In general, as the number 

of initiation sites increases, the whole-cell Ca transient becomes larger in amplitude and shorter 

in duration. At the cellular scale, increases in SR Ca content augment the total amount of Ca 

released and wave propagation speed, also causing a larger and shorter integrated whole-cell 

Ca transient. Whereas these factors are clearly major determinants of whether a DAD reaches 

sufficient amplitude to trigger an AP in an isolated myocyte, at the tissue scale, source-sink 

(loading) factors also come into play 10-13. Since each ventricular myocyte is coupled through 

gap junctions to an average of 11 other myocytes 14, a single myocyte exhibiting a Ca wave will 

be voltage-clamped by neighboring quiescent myocytes, attenuating the DAD amplitude by 

more than an order of magnitude. Only when a large number of myocytes in a region of tissue 

all develop Ca waves quasi-synchronously within an overlapping time window can the source-

sink mismatch be overcome to generate a DAD of appreciable magnitude in the tissue 11-13, 15, 16. 

Thus, after rapid pacing in cardiac tissue, the timing of Ca waves (i.e. the latency period, defined 

as the time interval between the last paced Ca transient and the onset of a spontaneous 

diastolic Ca wave) 16, 17 in populations of adjacent myocytes plays a key role. If the latency 

periods have a large variance, the Ca waves in the individual myocytes may not summate 
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effectively to overcome the source-sink mismatch and generate a DAD of appreciable 

amplitude. 

Although the subcellular, cellular, and tissue scale factors all contribute positively to the 

probability of a DAD triggering an AP in tissue as intracellular Ca load increases, the quantitative 

importance of each factor under experimentally-defined conditions has not, to the best of our 

knowledge, been rigorously analyzed. Thus, the novel goal of this study is to tackle this issue 

using a combined experimental and computational approach. Accordingly, we induced Ca 

waves and DADs by pacing isolated patch-clamped rabbit ventricular myocytes and measured 

the number of Ca wave initiation sites, SR Ca content, and latency to onset of Ca waves as the 

pacing train duration increased. We then incorporated these experimental data into simulated 

cardiac tissue. Our findings provide for the first time a quantitative analysis of the multiscale 

factors that increase the probability of a DAD generating TA in cardiac tissue, including the 

effects of tissue dimensionality and gap junction coupling. 

Materials and Methods 

Ventricular myocyte isolation 

Young adult (3-4 months age) New Zealand white male rabbits (1.7–2.0 kg) were euthanized by 

an intravenous injection of heparin sulfate (1000 U) and sodium pentobarbital (100 mg/kg). 

Hearts were quickly excised by thoracotomy and retrogradely perfused at 37 °C in Langendorff 

fashion with Ca-free Tyrode’s solution for 5-7 minutes followed by enzyme digestion perfusion 

with Tyrode’s solution containing 0.05 mg/mL Liberase TH (Roche, South San Francisco, CA) for 

20-30 minutes at 25 mL/min. The Tyrode’s solution contained the following (mmol/L): 136 NaCl, 
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5.4 KCl, 0.33 NaH2PO4, 1.0 MgCl2, 10 HEPES, 10 glucose, and pH 7.4 with KOH. Myocytes were 

separated from digested ventricles by gentle mechanical dissociation in 0.2 mmol/L Ca Tyrode’s 

solution. Ca concentration was gradually increased to 1.8 mmol/L over 30 min. Myocytes were 

used within 6-8 hours. All procedures complied with UCLA Animal Research Committee policies. 

 

Patch clamp recordings 

Standard whole-cell patch-clamp methods were used to measure voltage and current in the 

current clamp or voltage clamp mode, respectively, modified slightly from previously described 

methods 18. Borosilicate glass electrodes (tip resistance 1.4-2.2 MΩ) were filled with internal 

solution containing (in mmol/L) 110 K-Aspartate, 30 KCl, 5 NaCl, 10 HEPES, 5 MgATP, 5 creatine 

phosphate, 1 KH2PO4, and 0 EGTA, and pH 7.2 adjusted with KOH. Fluo-4 pentapotassium salt 

(10 μmol/L) (Life Technologies, Carlsbad, CA) and the reducing agent glutathione (GSH) (10 

mmol/L) were added to the internal solution to visualize Ca fluorescence activity while 

minimizing the effects of phototoxic damage. APs were elicited with square current pulses of 2 

ms duration and twice threshold amplitude. DADs were evoked following rapid pacing trains of 

varying durations in the presence of Tyrode’s solution with elevated Ca (2.7 mmol/L) and ISO 

(0.25 μmol/L). Data were acquired with an Axopatch 200A patch-clamp amplifier and Digidata 

1200 acquisition board driven by pCLAMP 9.0 software (Axon Instruments, Inc., Union City, CA). 

Corrections were made for liquid junction potentials. Signals were filtered at 1 kHz. All 

experiments were carried out at 37°C. All chemicals were purchased from Sigma-Aldrich (St. 

Louis, MO) unless indicated otherwise. 
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Calcium imaging 

Ca fluorescence in patch-clamped myocytes was imaged using an inverted Nikon Diaphot 

microscope (60X objective, Olympus America Inc., Center Valley, PA) equipped with a CCD-

based Photometrics (Tucson, AZ) Cascade 128+ camera (~100 frames/s, 128x128 pixels) 

operating under Imaging Workbench software (version 6.0, INDEC BioSystems, Santa Clara, CA). 

Pseudo line scan space-time plot images were generated from the acquired video data using 

ImageJ software 19. Whole-cell Ca fluorescence traces were corrected for bleaching and then 

normalized to the peak amplitude of the Ca transient of the first AP in the AP train. Space-time 

plots were normalized in like manner per row along the space-axis that exhibited fluorescence 

signals originating from myocytes. Signals from non-myocyte regions were set to 0 for clarity. 

 

Rapid caffeine solution delivery 

To measure SR Ca content, patch-clamped myocytes were rapidly superfused with Tyrode’s 

solution containing 10 mmol/L caffeine, 2.7 mmol/L Ca, and 0.25 μmol/L ISO using a rapid 

solution exchange device 20 positioned near the myocyte under the control of Axopatch 

software.  

 

Mathematical model of cardiac tissue and simulations 

Tissue simulations in one-dimensional (1D) cables (25 myocytes), two-dimensional (2D) tissue 

(25x25 myocytes) and three-dimensional (3D) tissue (25x25x25 myocytes) were carried out 
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using the rabbit ventricular AP cell model previously described in Mahajan et al. 21. The partial 

differential equation governing voltage is: 

    <>
<,
= −𝐼C-D/𝐶) + ∇ ∙ 𝐷∇𝑉   [1] 

where V is the membrane voltage and Cm is the membrane capacitance (1 µF/cm2). The 

diffusion term in Eq.1 is 𝐷?
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3D. Eq.1 was discretized with a spatial resolution Δx=Δy=Δz=0.015 cm and integrated using an 

operator splitting and time adaptive algorithm with the time step (Δt) varying from 0.01 ms to 

0.1 ms. Simulations were mainly done in isotropic tissue (i.e. Dx=Dy=Dz=D) with a diffusion 

constant 0.000557 cm2/ms, unless otherwise indicated. In some 2D simulations, Dx=0.25Dy was 

used to create 2:1 anisotropy in conduction velocity. The number of nearest neighbors in 1D, 

2D, and 3D tissue were 2, 4, and 6, respectively. 

 DADs were generated by commanding an intracellular Ca transient using a Gaussian-

shaped function in time as follows 

    [𝐶𝑎]C = 𝐴 ∙ 𝑒Q(,Q,̅U)=/6�=   [2] 

where A is the maximum amplitude of the transient, t0  sets the latency of the DAD, and σ 

controls the width of the Ca transient. To convert from measured FWHM values to σ, we used 

the standard equation for a Gaussian distribution: σ = FWHM / 2(2 ln 2)1/2. Once an AP upstroke 

was detected, the Ca clamp waveform was turned off and Ca was allowed to run freely in the 

model. The amplitude, duration, and latency period of the Ca transient waveform were varied 

to simulate the experimentally-measured values. Assignment of latency periods to different 
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myocytes in tissue simulations was accomplished by a bootstrap method, randomly selecting 

latency periods from the distribution of actual experimental data points corresponding to the 

low and high Ca load cases summarized in Table 3-1.  

 In the cell model, diastolic Ca-voltage coupling gain 9 was changed by altering the 

maximal conductance of the Na-Ca exchanger from its normal control value ( 𝐺zq} = 0.84 ��
��

) 

in the UCLA rabbit ventricular model. We refer to this control value as 1.0 and report the fold-

change in 𝐺zq} required for DAD to trigger an AP in tissue.  𝐺YZ, the other major determinant 

of the diastolic Ca-voltage coupling gain, was left at its control value	(	𝐺YZ = 0.30 ��
��

) to avoid 

causing changes in resting membrane potential.   

 

Data Analysis and Statistics 

Data are presented as medians and 95% CIs. The conventional percentile bootstrap-resampling 

approach with 10,000 replications was used for estimating 95% CIs 22, 23. All analyses were 

performed by subroutines for bootstrapping developed in the Python programming language, 

using the Numpy and Scipy packages, based on our previously published code 24. 

Results 

Post-pacing Ca waves and DADs in isolated ventricular myocytes 

Isolated patch-clamped rabbit ventricular myocytes were exposed to elevated extracellular [Ca] 

([Ca]o, 2.7 mmol/L) and ISO (0.25 μmol/L) and paced for 1 to 5 beats at a cycle length of 400 ms 

in order to load the myocyte incrementally with intracellular Ca. After each pacing train, the 
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myocyte was left unstimulated for 5 s during which intracellular Ca fluorescence was imaged 

and membrane voltage recorded to detect Ca waves and DADs respectively, as illustrated in Fig. 

3-1. In this representative myocyte, a single pacing stimulus (left-most column) elicited an AP 

and Ca transient, followed by a barely perceptible DAD (top row) associated with a small Ca 

transient after a long latency period (2nd row). The Ca transient was caused by a Ca wave arising 

from a site of origin near the middle of the cell (4th row, red dot) which propagated only 

partially through the cell (3rd row). As the number of paced beats in the train was increased 

from 2 to 5 (subsequent columns), DADs due to Ca waves arose from multiple sites following 

the last paced beat (indicated by the dashed vertical red line) in each train. With longer pacing 

trains, Ca waves began to appear during the pacing train (not shown), complicating the analysis 

of post-pacing Ca waves. Therefore, pacing trains longer than 5 beats were excluded from 

further analysis. 
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Figure 3-1. Induction of Ca waves and DADs by rapid pacing in a representative isolated 
ventricular myocyte.  

Ca waves and corresponding DADs elicited from rabbit ventricular myocytes (n=10) exposed to elevated 
[Ca]o (2.7 mmol/L) and ISO (0.25 μmol/L) following a pacing train from 1 to 5 beats at 400 ms pacing 
cycle length. A-B. Voltage and Ca fluorescence traces illustrating post-pacing DADs and Ca wave 
transients as the number of paced beats was increased from 1 to 5. Dashed red line indicates the 
beginning of the last paced beat in a pacing train from which the latency period to the onset of the first 
spontaneous Ca wave or DAD was measured. C. Corresponding space-time plots of Ca fluorescence. D. 
Ca wave initiation sites (red dots) corresponding to post-pacing Ca waves. 
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The experimental data on DAD and Ca transient characteristics including amplitude, duration 

(full width at half maximum, FWHM), and rate of rise for 10 myocytes subjected to the same 

pacing train protocol in Fig. 3-1 are summarized in Fig. 3-2. Since the number of paced beats 

required to elicit a DAD varied from myocyte to myocyte and even from trial to trial due to the 

stochastic nature of spontaneous SR Ca release, the experimental DAD and Ca transient 

characteristics were compared relative to the minimum number of paced beats required to 

elicit the first post-pacing DAD (ranging from 1, as in Fig. 3-1, to 3-4). Hence, the horizontal axis 

label “+0” refers to the minimum number of paced beats required to elicit a DAD, “+1” refers to 

the DAD elicited by one additional paced beat over the minimum number, “+2” refers to the 

DAD elicited by two additional paced beats over the minimum, and so forth. The results show 

that as the number of additional paced beats increased and progressively loaded SR Ca stores 

(see later), DAD amplitude increased, duration shortened, and rate of rise increased (Fig. 3-2B), 

roughly in parallel with the changes in integrated whole-cell Ca wave transients (Fig. 3-2A). 
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Figure 3-2. Post-pacing Ca wave transients and DAD properties in 10 isolated myocytes.  

Ca wave transient (A) and DAD (B) amplitude, duration (FWHM) and rate of rise versus the number of 
paced beats (see text). Data from individual myocytes are shown in separate colors.  Medians and 95% 
CIs of medians are indicated in black. Traces at top indicate how measurements were made (red lines). 

 

 

 In 4 of the 10 myocytes, the first DAD elicited by the minimum number of paced beats 

(the “+0” case in Fig. 3-2) resulted from multiple Ca wave initiation sites, instead of a single site 

as in Fig. 3-1. Therefore, we also analyzed the DAD and Ca transient characteristics according to 

the number of Ca wave initiation sites underlying the Ca transient and DAD. As shown in Fig. 3-

3, as the number of Ca wave initiation sites increased, the resulting Ca transient (Fig. 3-3A) and 

DAD amplitude (Fig. 3-3B) increased, the duration shortened, and the rate of rise increased. 
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Figure 3-3. Post-pacing Ca wave transients and DAD properties in 10 isolated myocytes.  

Ca wave transient (A) and DAD (B) amplitude, duration (FWHM) and rate of rise versus the number of 
sites initiating the post-pacing Ca wave (see text). Data from individual myocytes are shown in separate 
colors. Medians and 95% CIs of medians are indicated in black. Traces at top indicate how 
measurements were made (red lines). 
 

Post-pacing Ca transient and DAD latency period distributions 

 The latency period, defined as the time interval from the last pacing stimulus to the 

onset of the first post-pacing Ca wave or DAD, also shortened as the number of paced beats in 

the train increased, as shown in Fig. 3-4A. The variance of the latency period also decreased 

significantly. Similarly, when the data was analyzed according to the number of Ca wave 

initiation sites (analogous to Fig. 3-3), both the latency period and its variance decreased as the 

number of Ca wave initiation sites increased (Fig. 3-4B). 
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Figure 3-4. Post-pacing Ca wave transients and DAD latency periods in 10 isolated myocytes.  

A. Latencies of Ca wave transients (above) and DADs (below) versus the number of paced beats 
corresponding to Fig. 3-2. Inset in upper panel shows the histogram of latencies after 1 (blue) or 5 (red) 
paced beats.  B. Same as A but as a function of the number of sites initiating the post-pacing Ca wave 
transient, corresponding to Fig. 3-3. Data from individual myocytes are shown in separate colors. 
Medians and 95% CIs of medians are indicated in black. Trace at top indicates how measurements were 
made (red lines). 
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Post-pacing intracellular Ca load 

The changes in Ca transient and DAD amplitude, duration, rate of rise, and latency period 

distributions observed in Figs. 3-2 to 3-4 are related to progressive intracellular Ca loading as 

the number of paced beats in the train increased 16, 17. For example, it is apparent from the 

traces in Fig. 3-1B that diastolic Ca fluorescence did not return fully to the baseline between 

paced beats, consistent with the total intracellular Ca increasing with the number of paced 

beats. To estimate quantitatively the increase in SR Ca load as the number of paced beats 

increased, 6 voltage-clamped myocytes were paced with an AP clamp waveform. After the last 

AP waveform in the train (ranging from 1 to 5 beats), a caffeine pulse (10 mmol/L for 1 s) was 

rapidly applied to release SR Ca, and the resulting inward current due to Na-Ca exchange 4 was 

recorded simultaneously with the caffeine-induced Ca transient (Fig. 3-5A). The inward current 

(Fig. 3-5B) was integrated from the onset of caffeine exposure until return to the diastolic 

baseline to estimate the charge movement related to Ca extrusion by Na-Ca exchange. Fig. 3-5C 

shows that the intracellular Ca released by caffeine increased progressively with the number of 

paced beats in the train, from 0.00575 [0.00455, 0.01220] fmol/pF following a single paced beat 

to 0.01302 [0.01051, 0.01752] fmol/pF after 5 paced beats, a 2.3-fold increase. 
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Figure 3-5. SR Ca load versus number of paced beats.  
 
A-B. Rabbit ventricular myocytes (n=6) were paced from 1-5 beats with an AP waveform in the 
voltage clamp mode. Five hundred ms after the last AP, caffeine (10 mmol/L) was rapidly 
superfused for 1 s to release SR Ca. A. Ca fluorescence and B. membrane currents were 
recorded after the last paced AP. C. Ca extruded by Na-Ca exchange during the caffeine pulse, 
calculated from the integral of INCX during the caffeine-induced Ca transient, as a function of 
the number of paced beats. Data from individual myocytes are shown in separate colors.  
Medians and 95% CIs of medians are indicated in black. 
 

 



 81 

Incorporation of experimental Ca wave and DAD characteristics into simulated 2D cardiac tissue 

 The experimental findings above demonstrate that as the intracellular Ca load increased 

with longer pacing trains (Fig. 3-5), post-pacing Ca transients and DADs had higher amplitude, 

shorter duration with a faster rate of rise (Fig. 3-1 to 3-3), and occurred earlier with a narrower 

latency period distribution (Fig. 3-4). To estimate quantitatively the degree to which each of 

these factors influences DAD characteristics in tissue, where source-sink effects come into play 

11, we simulated a 2D cardiac tissue (25x25 myocytes) using a rabbit ventricular AP and Ca 

cycling model 21. To generate DADs, the model (using control parameter values) was 

equilibrated to pacing at a cycle length of 400 ms, and one of two idealized intracellular Ca 

transient waveforms was commanded for each cell at a pre-specified latency period to 

stimulate INCX and evoke a DAD. For this purpose, the experimental data were categorized into 

either a low or a high intracellular Ca load case (Tables 3-1 and 3-2). For the low Ca load case, 

Ca transients were modeled to have a long duration with FWHM of 293 ms corresponding to 

the pooled median duration after 1 paced beat (Fig. 3-3A), a low amplitude corresponding to 

the relative amount of caffeine-induced SR Ca release following 1 paced beat (Fig. 3-5) and 

broad latency distribution bootstrapped from the pooled data after 1 paced beat (Fig. 3-4A, 

inset). For the high Ca load case, Ca transients were modeled to have a short duration of 198 

ms corresponding to the pooled median duration after 5 paced beats (Fig. 3-3A), a high 

amplitude potentiated by a 2.3-fold greater SR Ca content than the low Ca load case (based on 

the relative increase in SR Ca load after 5 paced beats in Fig. 3-5), and a narrow latency 

distribution bootstrapped from the pooled data after 5 paced beats (Fig. 3-4A, inset). With 

these settings and the normal diastolic Ca-voltage coupling gain in the UCLA rabbit ventricular 
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model (see Methods), the absolute [Ca] of Ca fluorescence waveform for the low Ca load case 

was set to produce a peak DAD amplitude of 0.83 mV, corresponding to the median value of 

the experimentally measured DAD amplitude for the low Ca load case.  When the 

corresponding Ca waveform for the high Ca load case was converted to absolute [Ca] by the 

same scaling factor, the DAD amplitude was 3.62 mV, very close to the experimentally observed 

DAD amplitudes for the high Ca load case (Fig. 3-3B). This finding validated that the model 

produced similar results to the experimental measurements in real ventricular myocytes. The 

median and 95% CIs for SR Ca loads and latency periods for the low and high Ca load conditions 

are listed in Table 3-1. 
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Table 3-1. Properties of Ca waves and DADs associated with low and high Ca loads after 1 and 
5 paced beats, respectively 

Experimental 

CaT Properties 

Median FWHM (mV) 

(Median # Ca Wave 

Initiation Sites) 

SR Ca load 

(fmol/pF) 

Median DAD 

Amplitude (mV) 
Latency Period 

(ms) 

Low Ca 
293 

(1) 

0.0058 

[0.0045, 0.0122] 
0.83 [0.58, 0.97] 809 [529, 1076] 

High Ca 
198 

(5) 

0.0130 

[0.0105, 0.0175] 
3.56 [2.88, 4.04] 391 [370, 408] 

Idealized CaT 

Properties 
FWHM (ms) 

Relative Ca 

Released 

DAD Amplitude 

(mV) 

Latency Period 

(ms) 

Low Ca 293 1 0.83 809 [529, 1076] 

High Ca 198 2.3 3.62 391 [370, 408] 

 

Summary of experimental data in isolated rabbit myocytes (Experimental CaT Properties) from which 
properties of idealized Ca waves corresponding to low Ca load and high Ca load cases (Idealized CaT 
Properties) were derived. For the low Ca load case, experimental data corresponds to Ca waves initiated 
following 1 paced beat (in which Ca waves arose from a median of 1 site), with a low SR Ca load and the 
broad latency distribution after 1 paced beat shown in Fig. 3-4A (inset, blue histogram). For the high Ca 
load case, experimental data corresponds to Ca waves which were initiated after 5 paced beats (in 
which Ca waves arose from a median of 5 sites), with a 2.3-fold higher SR Ca load and the narrow 
latency distribution after 5 beats shown in Fig. 3-4A (inset, red histogram). DAD amplitudes produced in 
the model were measured at an NCX Multiplier value of 0.225. Values shown are the median and 95% 
CI. (CaT: Ca transient). 
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In order to assess how the features of the Ca transient waveforms and DADs in uncoupled 

single myocytes scale to the tissue level in which source-sink relationships become important 

11, we implemented the idealized Ca transient waveforms corresponding to the high and low Ca 

load cases into a virtual tissue of 25x25 myocytes.  The timing of the Ca transient waveform for 

each myocyte in the tissue was randomly selected from the narrow latency distribution after 5 

paced beats in Table 3-1 for the high Ca load case, and from the broad latency distribution after 

1 paced beat in Table 3-1 for the low Ca load case. Due to voltage diffusion when the myocytes 

were coupled, the resulting DADs in tissue had a lower amplitude and broader duration than 

their single myocyte counterparts (Fig. 3-6A, right traces). For the high Ca load case, DAD 

amplitude decreased by 16% from 3.58 to 2.99 mV, and the FWHM increased by 13% from 205 

ms to 232 ms (Fig. 3-6A, left traces). For the low Ca load case, DAD amplitude in the tissue 

decreased by an average of 72% from 0.82 to 0.23 mV, and the FWHM increased by 314% from 

233 ms to 965 ms. The greater attenuation of DAD amplitude and rate of rise in the low Ca load 

case occurred because the broad latency period distribution caused significant 

desynchronization of the Ca waves among myocytes in the tissue, attenuating the peak and 

smearing the duration to a greater extent than the high Ca load case with its narrower latency 

distribution. 
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Figure 3-6. DAD simulations in virtual 2D cardiac tissue.  
 
A. Attenuation and prolongation of DADs when myocytes are diffusively coupled in simulated 
2D cardiac tissue (25x25 myocytes, D = 0.000557 cm2/ms). Traces show the cellular DADs 
corresponding to the low (upper) and high (lower) SR Ca loads before (left) and after coupling 
(right). Timing of the cellular DADs in individual myocytes throughout the tissue was randomly 
selected from the broad (upper) and narrow distributions (lower) in Table 3-1 and Fig. 3-4A 
(inset). B. Maximum DAD amplitude in 2D tissue as a function of the fold-change in maximal Na-
Ca exchange conductance (NCX Multiplier), which alters the diastolic Ca-voltage coupling gain 
for different combinations of Ca transient (CaT) (high load or low load), duration (short or long 
FWHM), and latency distributions (narrow or broad) corresponding to the high and low Ca load 
cases in Tables 3-1 and 3-2. Sudden jumps in DAD amplitude indicate the thresholds for 
triggering an AP. C. Effect of the latency distribution on the probability of a DAD reaching the 
threshold to trigger an AP. Using the Ca wave/DAD properties corresponding to the low Ca load 
case (Tables 3-1 and 3-2) and a Gaussian distribution of latencies in the simulated 2D tissue 
(25x25 myocytes), the probability of a DAD triggering an AP in 50 trials for each NCX Multiplier 
value is plotted, as the standard deviation of the latency period distribution is varied from 350 
to 50 ms. (TA: triggered activity). 
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In order to assess the ability of DADs to elicit APs in tissue, we scaled the amplitude of the high 

Ca load waveform uniformly to the minimum required to produce a suprathreshold DAD in the 

2D tissue at the control value of the diastolic Ca-voltage coupling gain. The tissue simulations 

were repeated 50 times with a different randomly-selected spatial distribution of latency 

periods in each trial, using the narrow latency distribution (Table 3-1 and Fig. 3-4A inset). The 

Ca waveform amplitude which resulted in a triggered AP in at least 1 of the 50 trials was 

defined as the threshold (Fig. 3-6B, solid green line, and Table 3-2). This Ca waveform peaked at 

a submembrane [Ca] of 1.45 µM which caused a suprathreshold DAD triggering an AP in a single 

uncoupled myocyte. When the amplitude of the low Ca load waveform was scaled by the same 

factor, the Ca waveform peaked at a submembrane [Ca] of 0.426 µM, which resulted in a 

subthreshold DAD of 14 mV in a single uncoupled myocyte (which was attenuated in 2D tissue 

to 1.3 mV by source-sink effects). We then asked the question, by what factor did the normal 

maximal conductance of the Na-Ca exchanger 𝐺zq} (corresponding to the normal control Ca-

voltage coupling gain) need to be multiplied for the low Ca load DAD to reach the threshold to 

trigger an AP in any of 50 randomized trials in which DAD timing followed the broad latency 

distribution (Table 3-1)?  𝐺zq} had to be increased 11.2-fold to trigger an AP (Fig. 3-6B, dashed 

red trace and Table 3-2). Thus, in the low Ca load case, the combination of low amplitude, slow 

rate-of-rise, long duration Ca waves (due to fewer Ca wave initiation sites and lower SR Ca 

content) coupled with a wide latency period distribution markedly suppressed the resulting 

DAD’s ability to reach the threshold to trigger an AP in tissue, unless the Ca-voltage coupling 

gain was markedly increased by increasing 𝐺zq} 11.2-fold. 
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Table 3-2. Ca-voltage coupling gain thresholds required to trigger an AP for different Ca transient 
waveform properties 

Simulated 

Combination 
CaT Duration 

CaT Load 

(High = 2.3 x Low) 

Latency Period 

Distribution 

NCX Multiplier 

for Triggered AP 

Low Ca load CaT Long Low Broad 11.2 

Hypothetical CaT #1 Short Low Broad 7.2 

Hypothetical CaT #2 Long Low Narrow 3.8 

Hypothetical CaT #3 Long High Broad 3.3 

Hypothetical CaT #4 Short High Broad 2.8 

Hypothetical CaT #5 Short Low Narrow 2.4 

Hypothetical CaT #6 Long High Narrow 1.3 

High Ca Load CaT Short High Narrow 1.0 

 

Based on the properties of the high and low Ca load cases (emboldened) summarized in Table 3-1, six 
additional hypothetical combinations were generated corresponding to Ca transients with high or low 
amplitude, short or long duration, and narrow or broad latency distribution. The NCX Multiplier 
(reflecting the diastolic Ca-voltage coupling gain) required to trigger an AP in a virtual 2D tissue of 25x25 
coupled myocytes is listed for each case. 
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Determinants of the probability of a DAD triggering an AP in tissue 

We next addressed which of the above parameter differences between the low and high Ca 

load cases (DAD amplitude/duration, SR Ca content, or latency variance) had the greatest 

influence on whether the DAD was able to reach the threshold to trigger an AP. For this 

purpose, we constructed hypothetical Ca transients possessing hybrid combinations of the 

three factors from the low and high Ca load cases, generating an additional six hypothetical Ca 

transients with the properties listed in Table 3-2. For each case, we performed 50 trials, each 

with a different randomly-selected spatial distribution of latency periods in the 2D tissue for 

each Ca-voltage coupling gain value. Figure 3-6B shows that among the three factors, the 

latency period distribution (solid vs. dashed lines) and the SR Ca load (blue vs red, green vs cyan 

lines) had the largest and nearly equivalent effects on the 𝐺zq} value (NCX Multiplier) required 

for the DAD to trigger an AP in tissue. For example, whereas the large Ca load case produced a 

DAD with the NCX Multiplier value set at 1.0, Hypothetical Case #4 in which the only change 

was to switch the latency distribution from narrow to broad produced the largest increase in 

the NCX Multiplier to 2.8.  Hypothetical Case #5, in which the only change was to decrease the 

SR Ca content, caused a slightly lesser increase to 2.4.  However, opposite results were 

obtained for the low Ca load case in which an NCX Multiplier of 11.7 was required to produce a 

DAD.  In this case, the greatest reduction in the NCX Multiplier (to 3.3) occurred in Hypothetical 

Case #3, in which the SR Ca content was switched from low to high, whereas Hypothetical Case 

#2, in which the latency distribution was switched from broad to narrow, caused a slightly 

lesser reduction to 3.8. In contrast, the FWHM of the Ca transient duration reflecting the 

number of Ca wave initiation sites (Hypothetical Cases #1 and #6) had milder effects that were 
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accentuated when the Ca load was low (cyan vs red lines) rather than high (green vs blue). 

Based on this data, our results suggest that of the three factors listed in Table 3-2, broadening 

the latency distribution has the largest effect at suppressing DADs (i.e. by increasing the NCX 

Multiplier), whereas increasing the SR Ca content has the largest effect at triggering DADs (i.e. 

by decreasing the NCX Multiplier), with the cellular Ca transient duration having much weaker 

effects. 

The influence of the latency period variance on the threshold value of 𝐺zq} required for a DAD 

to trigger an AP in simulated 2D tissue is illustrated further in Fig. 3-6C, which plots the 

probability (50 trials) of a DAD triggering an AP as Ca-voltage coupling gain was increased by 

increasing 𝐺zq}. As the latency period variance was decreased from 350 ms to 50 ms, the Ca-

𝐺zq} value required for a DAD to trigger an AP decreased three-fold. 

The results in Fig. 3-6 were robust when the idealized low and high Ca load cases were defined 

based on the number of Ca release sites in place of the number of paced beats as in Table 3-1.  

When the FWHM of the Ca transient and the SR Ca content corresponding to the high and low 

Ca load cases were determined from Ca transients initiated by 1 site vs. 4 or more sites, or for 

1-2 sites vs. 3 or more sites, the results were generally similar, except that as a single factor, the 

SR Ca content had a slightly larger effect on the NCX Multiplier than the latency distribution for 

both suppressing and triggering DADs. The FWHM of the Ca transient had mild effects in all 

cases. Results for both cases are shown in the Supporting Material (Tables 3-S1 & 3-S2, Figs. 3-

S1 & 3-S2), and compared in Table 3-S3 to the NCX Multiplier values in Table 3-2.  Overall, we 
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conclude that the latency distribution and SR Ca load have roughly equivalent influences on the 

DAD threshold, with the cellular Ca transient duration (FWHM) playing a minor role.   

Effects of tissue dimension and the diffusion coefficient 

The simulations in Fig. 3-6 represent 2D cardiac tissue with a physiological diffusion coefficient 

(D=0.000557 cm2/ms) representing normal gap junction coupling producing a physiological 

conduction velocity (52 cm/s). Since source-sink relationships are influenced by tissue 

dimensionality and diffusivity 11, we next investigated how these factors affected the ability of 

DADs to trigger an AP in tissue.  Accordingly, the results in simulated 2D tissue (25x25 

myocytes) were compared to a 1D cable (25 myocytes) and a 3D slab (25x25x25 myocytes), 

using Ca wave transients/DADs corresponding to the high and low Ca load cases in Table 3-1, as 

well as two of the hypothetical cases in Table 3-2. Fig. 3-7A shows that the NCX Multiplier 

reflecting the Ca-voltage coupling gain at which DADs triggered an AP was significantly lower in 

the 1D cable, especially when the latency distribution was broad, whereas the differences 

between 2D and 3D tissue were small. 

Next, we compared the effect of decreasing the diffusion coefficient D (equivalent to reducing 

gap junction conductance). As shown in Fig. 3-7B, reducing D by a factor of 4 to halve 

conduction velocity had almost negligible effects on the NCX Multiplier reflecting the Ca-

voltage gain required for the DAD (using the low Ca load case) to trigger an AP regardless of 

tissue dimension. Quantitatively similar results were obtained when Dx only was lowered by a 

factor of 4 to simulate anisotropic tissue in which the ratio of longitudinal to transverse 

conduction velocity was 2:1 (data not shown), as occurs in normal ventricle.  However, if D was 

lowered by a factor of 100 to decrease conduction velocity 10-fold, the NCX Multiplier 
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decreased modestly from 6.8 to 3.6 in a 1D cable, 11.2 to 5.4 in 2D tissue, and 12.4 to 8 in 3D 

tissue.   

 

 

 

Figure 3-7. Effect of tissue dimension and diffusion coefficient on the ability of a DAD to 
trigger an AP.  
A. The fold-change in maximal Na-Ca exchange conductance (NCX Multiplier), which alters the 
diastolic Ca-voltage coupling gain, required for a DAD to trigger an AP in 1D (25 myocytes), 2D 
(25x25 myocytes), and 3D (25x25x25 myocytes) is shown for 4 combinations of DAD properties 
in Tables 3-1 and 3-2: short or long duration, high or low amplitude, and narrow or broad 
latency distribution. Dotted black line indicates the control value of NCX Multiplier at which the 
high Ca load waveform produced a DAD with the minimum required amplitude to produce a 
suprathreshold DAD in 2D tissue. B. The values of the NCX Multiplier required for a DAD to 
trigger an AP in a simulated 1D, 2D, and 3D tissue for normal and reduced diffusion coefficients 
of D=0.000557 cm2/ms, D/4, and D/100, respectively, the latter corresponding to 2-fold and 10-
fold reductions in conduction velocity. DAD properties correspond to the low Ca load case in 
Table 3-1. 
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Discussion 

In this study, we used a combined experimental and modeling approach to analyze the 

quantitative contributions of subcellular/cellular/tissue scale factors to the probability that a 

DAD in cardiac tissue can reach sufficient amplitude to trigger an AP. The major known factors 

that we analyzed include: 1) how quickly the SR Ca is released in each myocyte (i.e. the location 

and number of sites at which Ca waves are initiated) which defines the peak amplitude and 

duration of the resulting whole-cell Ca transient activating INCX and other Ca-sensitive inward 

currents (the subcellular scale factor); 2) how much SR Ca is released by each myocyte (i.e. the 

SR Ca load representing the cellular scale factor); 3) how synchronously Ca waves in adjacent 

myocytes release their SR Ca (i.e. the latency period distribution) required to overcome the 

source-sink mismatch (the tissue scale factor); and 4) how sensitive the membrane voltage is to 

the increase in cytoplasmic free Ca (the diastolic Ca-voltage coupling gain, another cellular 

factor). Although all of these factors contribute to the probability that a DAD will trigger an AP 

in tissue as intracellular Ca load increases with pacing, the quantitative importance of each 

factor under experimentally-defined conditions has not, to the best of our knowledge, been 

rigorously analyzed until the present study. Our major finding is that for a given diastolic Ca-

voltage coupling gain, the most influential factors determining whether a DAD in tissue reaches 

the threshold to trigger an AP are the latency period variance determining the synchrony of 

cellular Ca waves in a region of tissue and the SR Ca load, with the number of Ca release sites 

producing a Ca wave playing a minor role. It has previously been shown in confocal imaging 

studies in intact rat ventricular muscle that isolated Ca waves in individual myocytes during 

slow pacing caused no detectable changes in membrane potential due to the source-sink 



 93 

mismatch, and only when the majority of myocytes developed Ca waves synchronously did 

detectable DADs and TA result 15, 16. Here we show in simulated tissue that even when 100% of 

the myocytes in the tissue develop Ca transients after a paced beat, the synchronicity of Ca 

waves still remains a predominant factor determining whether the DAD reaches sufficient 

amplitude to trigger an AP. This conclusion agrees with the recent simulation study examining 

the DAD threshold for triggering an AP as SR load was progressively increased in an anatomic 

rabbit ventricles model 13. However, in this model, SR Ca load, DAD peak amplitude, rate-of-

rise, duration, and latency all changed simultaneously, so that the individual contributions of 

the subcellular, cellular, and tissue factors were not analyzed. The novelty of our study is that 

we utilized experimentally measured properties of Ca waves elicited by pacing in rabbit 

ventricular myocytes to assure that the DAD peak amplitude, rate-of-rise, duration, and latency 

distributions as SR Ca load increased were physiologically realistic rather than purely model-

generated. Thus, for physiologically realistic Ca wave properties, our results indicate that the 

tissue scale source-sink factor and the cellular scale SR Ca load factor are the most critical 

determinants of DAD amplitude in cardiac tissue, with the subcellular factor of Ca wave 

initiation sites determining the duration and peak amplitude of Ca waves in individual myocytes 

playing a less influential role. This was true for 1D, 2D, and 3D cardiac tissue, whether the 

diffusion coefficient was normal or reduced (Fig. 3-7).  It was also true whether the high and 

low Ca load cases were determined from data comparing the number of paced beats (Fig. 3-6) 

or the number of Ca wave initiation sites (Supporting Material). The Ca-voltage coupling gain 

required for a DAD to trigger an AP was lower for 1D, but similar in 2D and 3D.  Diffusion 

coefficient (gap junction conductance) only had significant effects when markedly reduced.  
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Biophysical mechanisms underlying Ca waves and DAD features 

 The mechanisms by which an increased number of Ca wave initiation sites and increased 

SR Ca load influence DAD amplitude and duration are intuitively straightforward. If whole-cell 

SR Ca content is released over a shorter time period due to the fusion of multiple Ca waves, the 

peak amplitude will increase and the duration will narrow proportionately, generating a larger 

and narrower DAD. If more Ca is released over the same time period due to a higher SR 

content, the DAD peak amplitude will increase proportionately without affecting DAD duration. 

However, a high SR Ca load also usually accelerates Ca wave speed, in which case the release 

time will be modestly shortened to cause a narrower DAD. The mechanism underlying the Ca 

wave latency period distribution, on the other hand, is more controversial. Experimental 

evidence indicates that both refilling of SR Ca stores and recovery of RyR refractoriness are 

complete well before the typical onset of a Ca wave, requiring an additional time delay, which 

has been called the “idle period” 17. Theoretical analysis supported by experimental data 

predicts that the idle period arises from criticality in the CRU network 25 and reflects the time 

required for a random cluster of adjacent CRUs to all fire within the same time window, thereby 

releasing enough Ca locally to exceed the minimal wavefront curvature (Eikonal relationship) 

required for regenerative propagation as a Ca wave. The time needed to form a critical cluster 

as well as the critical cluster size becomes smaller as SR Ca load and diastolic cytoplasmic Ca 

increases, so that the mean time before an appropriately sized cluster forms to initiate a Ca 

wave (the idle period) becomes shorter with less variance. Thus, as the intracellular Ca load 

increases, latency period distribution becomes narrower with a shorter median time. 
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Limitations 

Our model did not intrinsically generate Ca waves and DADs. Instead, we used commanded Ca 

waveforms that were specifically tailored to mimic experimentally obtained traces. Thus, during 

the commanded Ca transient, INCX did not feed back to affect the evolution of the Ca transient 

itself. However, since our goal was to reproduce the Ca transients and DADs measured directly 

from experiments, this was a practical way to achieve the desired realistic Ca transient 

waveform reflecting the net effects of a highly compartmentalized Ca cycling system in a real 

myocyte. The fact that the commanded Ca waveforms for the high and low Ca load cases 

produced corresponding DAD features in the model that fell within experimentally measured 

DAD amplitude and durations suggests that the approximation is reasonable. Similarly, when 

we altered the diastolic Ca-voltage coupling gain in the tissue simulations by changing 𝐺zq} 

(Fig. 3-6 to 3-7), we made the alteration only from the onset of the commanded Ca transient so 

as not to affect the SR load independently of the experimentally-defined values.  

Unfortunately, we could not directly analyze Ca loading conditions producing suprathreshold 

DADs, since the triggered AP interrupted the evolution of the Ca waves, precluding accurate 

measurement of the Ca transient and DAD peak, width, and latency. In order to study 

suprathreshold DADs capable of triggering an AP, we made the assumption that that the 

amplitude of the experimentally measured subthreshold DADs could be scaled proportionately 

for the low and high Ca load cases by increasing the Ca transient waveform amplitude. This is 

an approximation since as the total Ca load increases and the SR saturates, the differences 

between the “low” and “high” Ca load cases are likely to become smaller. If the corresponding 

differences between low and high Ca load DADs become smaller, however, this will minimize 
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the influence of the cellular DAD characteristics (amplitude/duration) relative to the tissue DAD 

characteristics (determined by the latency distribution) on the ability of a DAD to trigger an AP 

in tissue, making our major conclusion even stronger. 

We studied the characteristics of Ca waves and DADs induced by a single condition, namely the 

combination of ISO and modestly elevated [Ca]o, and it is possible that other interventions may 

give different results. Cytoplasmic dialysis of the Ca-buffering fluorescent dye Fluo-4 as well as 

washout of other constituents could also have influenced the Ca wave features. We 

deliberately studied DADs with amplitudes that were below the threshold for eliciting an AP so 

that we could characterize the full time evolution of Ca waves and DADs uninterrupted by APs. 

However, further increasing ISO to 0.5 µmol/L and [Ca]o to 3.6 mmol/L consistently induced 

post-pacing triggered activity (unpublished observations).  

Commanding DADs at the whole-cell level also does not account for the synchronizing effects of 

membrane depolarization on Ca wave onset in adjacent cells 26, effectively making the latency 

distribution somewhat narrower compared to that of isolated myocytes. We also did not 

account for intracellular Ca diffusion from myocyte-to-myocyte through gap junctions, which 

might have a cooperative effect on the timing of Ca wave initiation in nearby myocytes. 

Although Ca wave propagation from myocyte to myocyte has been observed in myocyte pairs 

27, it is generally a slow process. Whether it would have much influence on latency periods in 

the range of 400 ms (Fig. 3-4) is unclear but can be investigated in future simulation studies. 

Finally, we simulated homogeneous tissue, in which all the myocytes had identical cellular 

properties except for the assigned latency period of the Ca transient, whereas real cardiac 
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myocytes and tissue are heterogeneous. Future studies will be required to determine whether 

these cellular and tissue heterogeneities have important effects. 

Conclusions 

Our findings indicate that among subcellular, cellular, and tissue scale factors known to 

influence DAD amplitude in cardiac tissue, the latency period distribution of Ca waves (the 

tissue scale factor) and SR the Ca load (the cellular scale factor) are quantitatively the most 

influential in determining whether a DAD reaches the threshold to elicit a triggered AP. Thus, 

the narrowing of the latency period distribution as the intracellular Ca load increases during 

pacing plays a major role in shaping the rate dependence of DAD amplitude, coupling interval, 

and initiation of TA noted in previous experimental studies 16, 28. By desynchronizing the timing 

of Ca waves in myocytes, the effect of a broad latency distribution is to attenuate the tissue 

DAD amplitude and prolong its duration in comparison to the DAD generated by the same Ca 

wave in an uncoupled myocyte. This effect protects normally-coupled 3D tissue from DAD-

induced TA. 

A novel finding is that reducing the diffusion coefficient four-fold (either isotropically or 

anisotropically), corresponding to two-fold decrease in conduction velocity, did not significantly 

affect the Ca-voltage coupling gain required for a DAD to trigger an AP (Fig. 3-7B). Even when 

the diffusion coefficient was decreased 100-fold (isotropically), corresponding to a 10-fold 

reduction in conduction velocity, the effect was relatively modest (<50%). Thus, gap junction 

remodeling that uniformly or anisotropically reduces conduction velocity does not by itself 

markedly enhance the probability of DAD-induced TA in tissue in which 100% of myocytes 
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exhibit DADs. This is different from the case in which myocytes exhibiting DADs are coupled to 

myocytes without DADs, as in our previous simulation study 11. In this case, reducing gap 

junction coupling dramatically promoted TA by decreasing the current sink effect of the 

myocytes without DADs. In our simulations, on the other hand, 100% of myocytes in the tissue 

were commanded to have Ca transients with resulting DADs, so that source-sink mismatches 

resulted solely from local DAD timing differences as determined by the latency distribution. This 

is the reason for the probabilistic occurrence of triggered APs near the critical Ca-voltage 

coupling gain in Fig. 3-6, i.e., not all spatially random distributions of DADs caused a triggered 

AP because of local source-sink effects. 

Another interesting finding relates to the effects of tissue dimensionality. Although the Ca-

voltage coupling gain required for a DAD to trigger an AP was only slightly lower in 2D (with 4 

nearest neighbors) than 3D tissue (with 6 nearest neighbors), it was significantly reduced in 1D 

tissue (with 2 nearest neighbors) (Fig. 3-7B). This may be a factor explaining the increased 

susceptibility of fibrotic tissue to DAD-mediated TA, since fibrosis creates myocyte strands 

acting functionally as quasi-1D cables embedded in 2D or 3D tissue 29. Similarly, other factors 

being equal, the Ca-voltage coupling gain required for a DAD to trigger an AP would be lower in 

Purkinje fibers (also quasi-1D cables) than in 3D myocardium. Once again, it should be noted 

that in our simulations, we commanded Ca waves/DADs to occur in 100% of myocytes. When 

only a region of the tissue exhibits Ca waves/DADs, the effects of tissue dimension on the 

threshold for TA are quantitatively much larger 11, 13. We cannot exclude that the small 

differences in Ca-voltage coupling between 2D and 3D tissue (Fig. 3-7A) might have been larger 

had we used 11 nearest neighbors for 3D tissue, the average number estimated experimentally 
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in real ventricular tissue 14, instead of the computationally more convenient 6 nearest 

neighbors. Given that previous simulations investigating the number of nearest neighbors in 

relation to conduction velocity showed little effect unless the diffusion coefficient was 

markedly reduced 30, we suspect that this may also be the case for the Ca-voltage threshold 

required for a DAD to trigger an AP (Fig. 3-7A).  

Finally, since real cardiac tissue is heterogeneous both at the cellular and tissue levels, an 

important consequence of the randomness of latency period distributions is that regions with 

suprathreshold DADs and subthreshold DADs may coexist in the same tissue. As shown in a 

recent study 31, subthreshold DADs can locally reduce excitability by inactivating the Na current, 

leading to conduction block and initiation of reentry. Thus, the same DAD-mediated process can 

produce both the trigger and vulnerable substrate (due to dispersion of excitability) promoting 

initiation of reentry and cardiac fibrillation. 
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Supplemental Information 

 
Table S1. Properties of Ca waves and DADs associated with low and high Ca loads 
Corresponding to 1 versus 4+ Ca wave initiation sites 
 

Experimental 
CaT Properties 

# Ca Waves 
Initiation 

Sites 
SR Ca load (fmol/pF) 

Median DAD 
Amplitude (mV) Latency Period 

(ms) 

Low Ca 1 0.0058 
[0.0045, 0.0122] 0.97 [0.82, 2.41] 545 [409, 728] 

High Ca 4-6 0.0130 
[0.0105, 0.0175] 2.79 [2.58, 3.53] 384 [358, 412] 

     

Idealized 
CaT Properties FWHM (ms) Relative Ca 

Released 
DAD Amplitude 

(mV) 
Latency Period 

(ms) 
Low Ca 274 1.0 0.82 545 [409, 728] 
High Ca 193 2.3 3.25 384 [358, 412] 

 
Summary of experimental data in isolated rabbit myocytes (Experimental CaT Properties) from 
which properties of idealized Ca waves corresponding to low Ca load and high Ca load cases 
(Idealized CaT Properties) were derived. For the low Ca load case, experimental data corresponds 
to Ca waves initiated from 1 site, with a low SR Ca load and broad latency distribution. For the 
high Ca load case, experimental data corresponds to Ca waves which were initiated from 4-6 
sites, with a 2.3-fold higher SR Ca load and narrow latency distribution. The NCX Multiplier value 
for DAD amplitudes produced in the model was 0.205. Values shown are the median and 95% CI. 
(CaT: Ca transient). 
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Figure 3-S1. DAD simulations in virtual 2D cardiac tissue. Maximum DAD amplitude in 2D tissue 
as a function of the fold-change in maximal Na-Ca exchange conductance (NCX Multiplier), which 
alters the diastolic Ca-voltage coupling gain for different combinations of Ca transient (CaT) 
amplitude (high or low), duration (short or long), and latency distributions (narrow or broad) 
corresponding to the high and low Ca load cases in Table 3-S1. Sudden jumps in DAD amplitude 
indicate the thresholds for triggering an AP. Each data point represents the maximum DAD 
amplitude measured in 10 simulations. 
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Table 3-S2. Properties of Ca waves and DADs associated with low and high Ca loads 
corresponding to 1-2 versus 3+ Ca wave initiation sites 

 

Experimental 
CaT Properties 

# Ca Waves 
Initiation 

Sites 
SR Ca load (fmol/pF) 

Median DAD 
Amplitude (mV) Latency Period 

(ms) 

Low Ca 1-2 0.0070 
[0.0049, 0.0122] 2.41 [1.84, 3.23] 434 [394, 524] 

High Ca 3-6 0.0120 
[0.0105, 0.0141] 2.88 [2.58, 3.57] 387 [368, 414] 

     

Idealized 
CaT Properties FWHM (ms) Relative Ca 

Released 
DAD Amplitude 

(mV) 
Latency Period 

(ms) 
Low Ca 208 1.0 1.8 434 [394, 524] 
High Ca 188 1.7 3.45 387 [368, 414] 

 
Summary of experimental data in isolated rabbit myocytes (Experimental CaT Properties) from 
which properties of idealized Ca waves corresponding to low Ca load and high Ca load cases 
(Idealized CaT Properties) were derived. For the low Ca load case, experimental data corresponds 
to Ca waves initiated from 1 or 2 sites, with a low SR Ca load and broad latency distribution. For 
the high Ca load case, experimental data corresponds to Ca waves which were initiated from 3-6 
sites, with a 1.7-fold higher SR Ca load and narrow latency distribution. The NCX Multiplier value 
for DAD amplitudes produced in the model was 0.210. Values shown are the median and 95% CI. 
(CaT: Ca transient). 
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Figure 3-S2. DAD simulations in virtual 2D cardiac tissue. Maximum DAD amplitude in 2D tissue 
as a function of the fold-change in maximal Na-Ca exchange conductance (NCX Multiplier), which 
alters the diastolic Ca-voltage coupling gain for different combinations of Ca transient (CaT) 
amplitude (high or low), duration (short or long), and latency distributions (narrow or broad) 
corresponding to the high and low Ca load cases in Table 3-S2. Sudden jumps in DAD amplitude 
indicate the thresholds for triggering an AP. Each data point represents the maximum DAD 
amplitude measured in 10 simulations. 
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Table 3-S3. Ca-voltage coupling gain thresholds (NCX Multiplier) required to trigger an AP for 
different Ca transient waveform properties.  

 
 

    NCX Multiplier for Triggered AP 

Simulated 
Combination 

CaT 
Duration Ca load  

Latency 
Distribution 

1 vs 5  
paced beats 

1 vs 4+ 
initiation 

sites 

1-2 vs 3+ 
initiation 

sites 
Low Ca load CaT Long Low Broad 11.2 7.1 2.7 

Hypothetical CaT #1 Short Low Broad 7.2 4.7 2.6 
Hypothetical CaT #2 Long Low Narrow 3.8 3.6 1.7 
Hypothetical CaT #3 Long High Broad 3.3 2.3 1.6 
Hypothetical CaT #4 Short High Broad 2.8 1.9 1.5 
Hypothetical CaT #5 Short Low Narrow 2.4 2.4 1.6 
Hypothetical CaT #6 Long High Narrow 1.3 1.3 1.0 

High Ca Load CaT Short High Narrow 1.0 1.0 1.0 
 
Three different analysis methods (1 vs 5 paced beats, 1 vs 4+ Ca wave initiation sites, and 1-2 vs 
3+ initiation sites) based on the data summarized in Tables 3-1, 3-S1 and 3-S2 were used to 
construct idealized high and low Ca load cases (emboldened) and six additional hypothetical 
combinations corresponding to Ca transients (CaT) with high or low SR Ca load, short or long 
duration, and narrow or broad latency distribution. The NCX Multiplier (reflecting the diastolic 
Ca-voltage coupling gain required to trigger an AP in a virtual 2D tissue of 25x25 coupled 
myocytes) is listed for each case.  Although the absolute values of the NCX Multiplier differed for 
the 3 analysis methods, the latency distribution and SR Ca load had the largest and roughly 
equivalent effects (see text) on the NCX Multiplier, with the CaT duration exerting a smaller 
effect.    



 108 

Chapter 4: Delayed afterdepolarizations generate both triggers and a 

vulnerable substrate promoting reentry in cardiac tissue 
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Abstract 

Background: Delayed afterdepolarizations (DADs) have been well-characterized as arrhythmia 

triggers but their role in generating a tissue substrate vulnerable to reentry is not well 

understood. Objective: To test the hypothesis that random DADs can self-organize to generate 

both an arrhythmia trigger and a vulnerable substrate simultaneously in cardiac tissue as a result 

of gap junction coupling. Methods: Computer simulations in one-dimensional cable and two-

dimensional tissue models were carried out. The cellular DAD amplitude was varied by changing 

the strength of sarcoplasmic reticulum Ca release. Random DAD latency and amplitude in 

different cells were simulated using Gaussian distributions.  Results: Depending on the strength 

of spontaneous sarcoplasmic reticulum Ca release and other conditions, random DADs in cardiac 

tissue resulted in the following behaviors: 1) triggered activity (TA); 2) a vulnerable tissue 

substrate causing unidirectional conduction block and reentry by inactivating Na channels; 3) 

both triggers and a vulnerable substrate simultaneously by generating TA in regions next to 

regions with subthreshold DADs susceptible to unidirectional conduction block and reentry. The 

probability of the latter two behaviors was enhanced by reduced Na channel availability, reduced 

gap junction coupling, increased tissue heterogeneity, and less synchronous DAD latency. 

Conclusions: DADs can self-organize in tissue to generate arrhythmia triggers, a vulnerable tissue 

substrate, and both simultaneously. Reduced Na channel availability and gap junction coupling 

potentiate this mechanism of arrhythmias, which are relevant to a variety of heart disease 

conditions.   
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Introduction 

 Delayed afterdepolarizations (DADs) are transient depolarizations in the diastolic phase 

following an action potential (AP) that have been linked to arrhythmogenesis in cardiac diseases 

1-3. Experimental studies have revealed that the primary cause of DADs is spontaneous 

sarcoplasmic reticulum (SR) calcium (Ca) release, which activates Ca-sensitive inward currents 

such as the Na-Ca exchange current to depolarize diastolic membrane potential. Ca waves are 

promoted under Ca overload conditions in normal myocytes 4, 5 or under diseased conditions, 

such as heart failure 6-8, ischemia 9, catecholaminergic polymorphic ventricular tachycardia 

(CPVT) 10, and long QT syndromes 11, 12.   

 The role of DADs in arrhythmogenesis is generally explained as follows: when the 

amplitude of a DAD is above a certain threshold (termed a suprathreshold DAD), it can trigger an 

AP, called triggered activity (TA), which can cause a premature ventricular contraction (PVC) to 

trigger reentrant or focal arrhythmias 3, 13. However, not all DADs are large enough to trigger APs, 

and the role of these subthreshold DADs in arrhythmogenesis is not well understood. It is well 

known that elevation of resting membrane potential can cause conduction slowing and block 14. 

Elevation of the resting membrane potential of a ventricular myocyte will first enhance 

conduction by moving the potential closer to the sodium (Na) channel activation threshold, but 

further elevation will slow conduction due to Na channel inactivation. In an experimental study, 

Rosen et al 15 showed that impulses occurring during a DAD in a Purkinje fiber did not propagate 

to the ventricles, whereas earlier or later impulses  did, suggesting that DADs can cause 

conduction block in Purkinje fibers. However, to our knowledge, no other studies have been 
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carried out to investigate the role of subthreshold DADs as causes of conduction block and/or 

reentry. 

 The amplitude and latency of diastolic Ca waves tend to vary irregularly from beat-to-beat 

due to random properties of spontaneous SR Ca release 5, 16, 17, which can be further enhanced 

because of cell-to-cell or regional heterogeneities in Ca cycling properties 3, 18.  However, 

myocytes in cardiac tissue are coupled via gap junctions which tends to smooth the voltage 

differences between adjacent cells, synchronizing their depolarizations locally. These two 

competing factors could interact to generate regions of tissue with suprathreshold DADs causing 

TA bordering on regions with subthreshold DADs susceptible to conduction block, initiating 

reentry.  

Based on this reasoning, we hypothesized that depending on the SR Ca release strength 

and other conditions, random DADs can self-organize in tissue to cause: 1) arrhythmia triggers 

by generating PVCs; 2) a vulnerable tissue substrate causing unidirectional conduction block of a 

PVC; and 3) both simultaneously resulting in initiation of reentry. To test this hypothesis, we 

performed computer simulations in one-dimensional (1D) cables and two-dimensional (2D) 

tissue models. DADs were simulated by commanded SR Ca releases, similar to DADs induced in 

experiments by caffeine pulses 19 or local b-adrenergic agonist application 20. Random DAD 

latency was simulated by randomly setting the SR Ca release time, and the amplitude of DAD was 

changed by varying the strength of the SR Ca release flux. The effects of Na channel availability, 

gap junction coupling, as well as other factors, were characterized.   
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Methods 

 

Simulations were carried out in 1D cable and 2D tissue models. The partial differential 

equation governing voltage is 

<>
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+ <=>
<@=
)                (1) 

where V is the membrane voltage, Cm=1 µF/cm2 is the membrane capacitance, and D is the 

diffusion constant (proportional to gap junction conductance) with its control value set as 0.0005 

cm2/ms. The AP model and generation of DADs were described previously by Xie et al 21. The 

spontaneous SR Ca release strength is described by a parameter gspon and the random latency of 

the release follows a Gaussian distribution of standard deviation σ. More details of the model 

and simulation methods were present in Supplemental Materials.   

In the simulations, unless specified the maximum Na channel conductance (gNa) was 12 

pA/pF and the Na channel steady-state inactivation curve (h¥) was left-shifted 5 mV, i.e., the V1/2 

was changed from -66 mV to -71 mV. Fig.4-1A shows example traces of DADs and TA for different 

gspon values and Fig.4-1B shows the maximum voltage versus gspon. The threshold for 

suprathreshold DADs or TA in a single cell was gspon=0.066 ms-1 (arrow in Fig.4-1B) without the 

shift of h¥ but with a 5 mV left-shift, it increased to 0.0695 ms-1. 
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Figure 4-1. The DAD model 

A. DADs and TA from a single isolated cell for different gspon values. Upper traces show membrane 
potential and lower traces show the corresponding intracellular Ca concentrations. B. Maximum DAD 
voltage amplitude versus gspon. The arrow indicates the gspon threshold for a suprathreshold DAD eliciting 
TA.   
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Results 

Effects of subthreshold DADs  

Subthreshold DADs can cause conduction block when Na channel availability is reduced. 

We simulated a 1D cable in which the middle one-third of the cells exhibited DADs (Fig.4-2). We 

assumed that the spontaneous Ca releases causing DADs were identical and occurred at the same 

time in each cell (Fig.4-2A).  A premature stimulus was applied to the first 10 cells at the end of 

the cable, and the ability of the AP to propagate to the other end of the cable was studied for 

different DAD amplitudes (adjusted by varying gspon) and coupling intervals. For normal Na 

channel properties in our model, subthreshold DADs failed to cause conduction block, regardless 

of DAD amplitude or coupling interval.  However, if Na channel availability was reduced by 

shifting the half-maximal voltage of steady-state inactivation (described by h¥) in the negative 

direction, as might occur physiologically with PKA, PKC or CaMKII phosphorylation of Na channels 

22 or in some Brugada syndrome mutations 23, conduction block occurred over a range of coupling 

intervals when DAD amplitude reached a critical range  (Fig.4- 2B and C). In this range, the DAD-

induced depolarization caused sufficient Na channel inactivation to result in conduction failure. 

Fig.4-2D illustrates the time course of Na channel availability (h*j) during a DAD with a peak 

voltage around -70 mV for control (solid) and for a 5 mV left-shift of h¥ (dashed), showing that a 

5 mV left-shift causes a large reduction in Na channel availability during the DAD.  As the DAD 

amplitude was increased further (gspon>0.0695 ms-1), TA occurred in the DAD region, which 

propagated in both directions and collided retrogradely with the premature beat. Fig.4-2E plots  
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Figure 4-2. Conduction block due to a subthreshold DAD in a 1D cable.  

A. A 300 cell cable is paced at a cycle length of 500 ms and a subthreshold DAD occurs in the middle 100 
cells approximately 450 ms after the AP upstroke. Upper traces show membrane potential of every 10th 
cell, and lower trace shows a space-time plot of voltage along the cable. B. Under the same conditions, a 
premature stimulus elicited an AP (PVC) which propagated into the DAD region.  When the coupling 
interval (CI) of the PVC was 460 ms (left panel) or 500 ms (right panel), the PVC propagated successfully 
to the other end of the cable.  For the CI of 480 ms (middle panel), however, conduction block occurred 
in the DAD region. C. A parameter diagram showing conduction block (in black) as a function of CI and 
gspon. Dashed line indicates the transition from a subthreshold to suprathreshold DAD causing TA at 
gspon=0.0695 ms-1.  D. Voltage and Na channel availability (h*j) versus time for the un-shifted (solid) and 
5 mV left-shifted (dashed) h∞ during a DAD. E. Conduction block as a function of gNa and left-shift of h∞. 
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the region of conduction block versus the left-shift of h¥ and gNa, showing that reducing gNa also 

promoted conduction block. 

Effects of random DAD latency.  In the simulations in Fig.4-2, the spontaneous Ca releases 

causing a DAD in the mid-region of the cable all occurred synchronously by design.  To study the 

effects of random DAD latency, we simulated a 1D cable in which the latency of the spontaneous 

Ca release event for each cell was randomly assigned from a Gaussian distribution. Gap junction 

coupling naturally smoothed the resulting DAD in the tissue (Fig.4-3A). Unlike the non-random 

case in Fig.4-2, a premature beat with a fixed coupling interval could either block or propagate 

successfully through the DAD region depending on the particular randomization pattern of the 

trial (Fig.4-3B). In Figs.3C-E, we show the probability of conduction failure through the DAD region 

versus the strength of spontaneous Ca release (gspon) for different standard deviations (σ) of the 

Gaussian distribution of latencies, gNa, and gap junction coupling. Increasing σ caused conduction 

block to occur over a broader range of gspon. Note that in the non-random case, TA occurred when 

gspon>0.0695 ms-1 and no conduction block occurred.  With random latency, a higher gspon was 

required to trigger APs due to the source-sink effects, and conduction block still occurred when 

gspon >0.0695 ms-1. Reducing gNa increased the probability of conduction block, while reducing 

gap junction coupling had a small effect. 

 If we applied the same deterministic or random DAD distribution as in the 1D cables (Figs. 

2 and 3) to 2D tissue, reentry could be induced by a premature stimulus (see Movie 4-1 and Movie 

4-2).  
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Figure 4-3. Effects of DAD synchronization on conduction block.  

A. Random DAD latency when the cells in a 1D cable are electrically uncoupled (left) or coupled by gap 
junctions (right), illustrating the synchronizing effect of coupling on the tissue DAD. B. Voltage snapshots 
showing two different trials in which DAD latencies were randomly selected from a Gaussian distribution 
with a standard deviation  (σ) of 20 ms.  The resulting subthreshold tissue DADs were sufficiently 
different to cause an identically-timed PVC to block in one trial (left), but successfully propagate in the 
other trial (right). C-E. Probability of conduction block (pblock) versus gspon for different σ (C), gNa (D), and D 
(E) in a cable length of 450 cells. The probability of each parameter point was calculated from 1,000 
random trials. The green curve in C-E is the control case with σ=30 ms, D=0.0005 cm2/ms, gNa=12 pA/pF, 
and a -5 mV shift of h∞. 
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Combined effects of supra- and sub-threshold DADs   

In the simulations shown above, external paced premature stimuli were used to illustrate 

how DADs can cause conduction block. We next examined whether TA self-generated by DADs 

could develop conduction block in the same cable due to random latency of DADs in different 

regions causing both subthreshold and suprathreshold DADs.  

Complex excitation patterns in 1D cable. We carried out simulations in a homogeneous 1D 

cable with random DAD latency as in Fig.4-3 without externally paced premature stimuli. 

Complex excitation patterns occurred, which could be classified into three categories: 1) 

subthreshold DADs without TA (Fig.4-4A); 2) suprathreshold DADs causing TA which propagated 

successfully along the cable without conduction block (Fig.4-4B); and 3) suprathreshold DADs 

causing TA which propagated partway before developing conduction block (Fig.4-4C). Fig.4-4D 

shows the probability of the three behaviors as a function of DAD amplitude (gspon).  No TA 

occurred when gspon was small, but as gspon increased the incidence of TA also increased (dashed 

in Fig.4-4D). Due to random latency and cell coupling, the gspon threshold for TA was higher in 

tissue than in a single cell (gspon>0.0695 ms-1). Figs.4E-H show that the probability of block 

increases with broadened latency distribution (Fig.4-4E), decreased cell coupling (Fig.4-4F), 

reduced gNa (Fig.4-4G), and left-shifted h¥ (Fig.4-4H). 

Reentry initiation in 2D tissue.  Unidirectional conduction block of DAD-mediated TA in the 

1D cable raises the possibility that under similar conditions in 2D tissue, reentry may be induced 

when conduction block is appropriately localized. Analogous to the 1D simulations in Figs.3 and 

4, we first simulated a homogeneous 2D tissue in which all cells were identical with the same  
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Figure 4-4. Complex excitation patterns in a 1D cable.  

A-C. Space-time plots of membrane potential versus time in a 300 cell cable in which all cells exhibited 
DADs with randomly assigned latencies  (s=50 ms) following a paced AP. gspon=0.15 ms-1.  D. Probability 
of no TA (red), a successfully propagating TA (blue) and a TA with conduction block (green) versus gspon 
for σ=30 ms. Arrow indicates the gspon threshold for TA. E. Probability of conduction block versus gspon for 
different σ.  F. Probability of conduction block versus gspon for different diffusion coefficients (D) 
reflecting gap junction coupling.  G. Probability of conduction block versus gspon for different gNa.  H. 
Probability of conduction block versus gspon for shifts in the half-maximal voltage of h∞. The cable length 
in D-H was 450 cells. The probability of each parameter point was calculated from 1,000 random trials. 
The green curve in D-H is the control case with σ=30 ms, D=0.0005 cm2/ms, gNa=12 pA/pF, and a -5 mV 
shift of h∞. 
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DAD amplitude (i.e., identical gspon) but DAD latencies were randomly assigned following 

a Gaussian distribution.  Both subthreshold DADs and TA were observed, but in over 10,000 

simulations using different parameter settings, reentry was never observed, even when gNa or 

gap junction coupling was reduced. 

Since Ca release properties in real cardiac tissue are not homogeneous, we then 

performed simulations in which gspon was varied in random checkerboard patterns, drawing from 

a Gaussian distribution, as illustrated in Fig.4-5A. Checker sizes ranged from 1x1 to 256x256 cells. 

The DAD latencies were still varied randomly from cell to cell as in the simulations above. We 

observed three behaviors (Fig.4-5B): all DADs are subthreshold (no TA); DADs induce TA without 

reentry formation (TA without reentry), and DADs induce TA with reentry formation (TA with 

reentry). Fig.4-5C shows the probability of these different behaviors versus the checker size for 

control parameters. For large checker sizes, the majority of the simulations exhibited TA without 

reentry (i.e., PVCs only), and a small number of the simulations exhibited reentry. As the checker 

size decreased, the probability of TA without reentry decreased, while that of subthreshold DADs 

increased. Interestingly, the probability of reentry first increased and then decreased to zero at 

small checker sizes. Reducing gap junction conductance selectively increased the probability of 

reentry at large and small checker sizes (Fig.4-5D), but suppressed reentry at intermediate 

checker sizes. Reducing Na channel conductance gNa in steps from 16 to 8 pS/pF increased the 

probability of reentry particularly at large checker sizes, while further reduction to 6 pS/pF 

suppressed reentry due to low excitability (Fig.4-5E).  Fig.4-5F compares the probability of TA 

with and without reentry versus gNa. As gNa was reduced, the probability of TA without reentry 

decreased while the probability of TA with reentry first increased then decreased. We also  
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Figure 4-5. Summary data for reentry induction in heterogeneous 2D tissue.  

A. An example of checkerboard gspon distribution. gspon in each checker was drawn from a random 
Gaussian distribution with an average value of 0.172 ms-1 and a standard deviation σ=0.03 ms-1. B. 
Examples of voltage snapshots illustrating no TA, TA-reentry, and TA+reentry.  C. Probability of 
TA+reentry (green), TA-reentry (blue), and no TA (red) versus checker size. The dashed line is the total 
probability of TA. D. Probability of reentry versus checker size for different diffusion coefficients (D, 
cm2/ms). E. Probability of reentry for different gNa. F. Probability of TA-reentry and TA+reentry versus gNa 
for an 8x8 checker size.  The standard deviation for random DAD latency of individual cells was σ=50 ms. 
The tissue size was 512 x 512 cells. The probability of each parameter point was calculated from 500 
random trials. 
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performed simulations in which gspon was varied randomly in checkerboard patterns, but DAD 

latency was fixed.  We never observed reentry, indicating that the random DAD latency is a key 

property promoting reentry. This was also supported by simulations investigating the effect of 

DAD latency distribution on reentry in 2D tissue, which depended sensitively on σ (Fig.4-S1).   

Finally, we examined how electrical remodeling in heart failure affects DAD-mediated 

arrhythmogenesis (Fig.4-6). Electrical remodeling decreased the threshold of gspon required for 

conduction block (Fig.4-6A) and greatly decreased the gspon required for TA with reentry (Fig.4-

6B). Similar to Fig.4-5F, decreasing gNa reduced the probability of TA without reentry and first 

increased then decreased the probability of TA with reentry (Fig.4-6C).  

As shown in Figs.5 and 6, checker size had a non-monotonic effect on probability of 

reentry. A possible explanation is illustrated in Fig.4- 7, which shows voltage snapshots for three 

different checker sizes with reduced gap junction coupling. For the 256x256 case (Fig.4-7A and 

Movie 4-3), the randomness of DAD latency resulted in nonuniform DAD voltages in a single 

checker, allowing conduction in one direction but block in another direction at the borders of the 

individual checkers. Due to the large checker size, there was enough room for the broken 

wavefronts to turn and reenter the checker from another direction. For the 32x32 case (Fig.4-7B 

and Movie 4-4), TA that formed in the individual checkers tended to propagate neatly in all 

directions and fuse together, such that there was not enough unexcited tissue for a broken 

wavefront to form a spiral wave. For the 1x1 case (Fig.4-7C and Movie 4-5), the checkers with 

high gspon values were not large enough to generate TA individually unless neighboring checkers 

also had randomly been assigned large enough gspon values to overcome the source-sink 

mismatch. This effectively resulted in large heterogeneous regions with or without TA, increasing 
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the probability of reentry. Note that when the gap junction coupling was normal, however, no 

reentry could occur for the 1x1 case (Fig.4-5C).  

 

 

Figure 4-6. Conduction block and reentry in heart failure.  

Heart failure was simulated as described in Xie et al 21. A. Probability of conduction block in a 1D cable 
versus gspon for different DAD latency σ. The gspon range for conduction block is lower than in the non-
failing condition (Fig.4E).  B. Probability of TA+reentry (green) versus checker size in a 2D tissue of failing 
cells for different gNa. gspon was drawn from a Gaussian distribution with an average value of 0.065 ms-1 
and a standard deviation of σ=0.02 ms-1. The DAD latency standard deviation σ=50 ms. C. Probability of 
TA-reentry and TA+reentry versus gNa.  
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Figure 4-7. Voltage snapshots for three different checker sizes in heterogeneous 2D tissue.  

Left panels show the gspon distributions and right panels show corresponding voltage snapshots of DAD-
mediated TA and conduction block at various times following a paced AP, with checker sizes of 256x256 
(A), 32x32 (B), and 1x1 cells (C).  
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Discussion 

DADs are classically recognized as triggers of PVCs that can initiate reentry when they 

encounter a vulnerable tissue substrate. Here we demonstrate that subthreshold DADs can also 

directly generate a tissue substrate vulnerable to unidirectional conduction block. Moreover, 

DAD-induced triggers and substrates can occur simultaneously in the same tissue to induce 

reentry. These effects are enhanced with reduced Na channel availability and gap junction 

coupling, with electrical remodeling changes in heart failure, and when regional differences in Ca 

cycling properties underlying DADs are accentuated, as occurs in the setting of heart diseases.  

Our observations thus provide novel insights into DAD-related arrhythmogenesis. 

 

Roles of DADs in cardiac arrhythmogenesis 

Based on observations in the present study, we can summarize the roles of DADs in 

cardiac arrhythmogenesis as follows: 

DADs generate arrhythmia triggers. The well-known effect of suprathreshold DADs in 

cardiac arrhythmogenesis is their ability to trigger an AP and generate TA, which can cause focal 

(non-reentrant) arrhythmias or serve as PVCs to initiate reentrant arrhythmias 1-3, 24, 25. 

DADs generate a vulnerable substrate. Traditionally, dispersion of excitability and/or 

refractoriness make a tissue vulnerable to initiation of reentry by a trigger such as a PVC 26. 

Unidirectional conduction block initiating reentry occurs either because the Na current has not 

recovered sufficiently from inactivation to overcome the source-sink mismatch of neighboring 

repolarized cells (dispersion of excitability) or the neighboring cells are still in a refractory state 
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(dispersion of refractoriness). In this study, we have demonstrated that subthreshold DADs can 

cause unidirectional conduction block via the former mechanism by elevating diastolic 

membrane potential and inactivating Na channels sufficiently to cause conduction block. The 

random distribution of DAD latency increases the probability of conduction block (Fig.4-3) 

because as DAD latency distribution becomes wider, DAD duration in the tissue prolongs, giving 

more time for more Na channels to inactivate.   

Since subthreshold DADs can occur at any time during diastole, a very late diastolic 

subthreshold DAD could potentially cause regional conduction block of a subsequent sinus beat, 

initiating reentry directly from sinus rhythm in the absence of a PVC.  In this case, the first beat 

of reentrant ventricular tachycardia would have the same QRS morphology as subsequent 

tachycardia beats, which is frequently observed in clinical studies 27.  Thus, unlike reentrant 

arrhythmias induced by dispersion of refractoriness in which an external PVC is usually required, 

DAD-mediated reentrant arrhythmias do not necessarily require an external PVC, as the next 

sinus beat can serve to initiate reentry. 

DADs simultaneously generate triggers and a vulnerable substrate.  Due to random 5, 16, 17 

and heterogeneous 3, 18 Ca release, DADs in tissue can lead to complex depolarization patterns in 

which some regions generate suprathreshold DADs causing TA, while other regions generate 

subthreshold DADs promoting regional conduction block and initiation of reentry (Figs.4-7). TA 

generated in one region may propagate in all or only in one direction, or be blocked a distance 

away such that reentry can result if the broken wavefronts have enough available excitable 

tissue.  Although the interactions among random latency, heterogeneity, gap junction coupling 

and Na channel availability are complex, the probability of conduction block and reentry 
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increases for reduced gap junction coupling, Na current availability and electrical remodeling. 

Our simulations also show that both random latency and heterogeneous Ca release are needed 

for reentry to occur. 

 

Clinical relevance 

As shown in our simulations (Figs.4-6), a negative shift in the steady state inactivation 

curve and/or reduction of the maximal Na conductance increased the probability of conduction 

block and reentry in the presence of DADs. This condition is physiologically mimicked by PKA- 

and/or PKC-mediated phosphorylation of Na channels during sympathetic stimulation or CaMKII-

mediated phosphorylation of Na channels in the setting of heart failure 22,  Na channel 

remodeling in ischemic heart disease 28 or loss-of-function Na channel mutations in Brugada 

syndrome 23 and other diseases 29.  

Since Class I antiarrhythmic agents not only reduce the Na channel open probability but 

also left-shift the steady-state inactivation curve 30, this may have been a contributing factor to 

the proarrhythmic effects of Na channel blockers observed in the CAST trial 31.  In the CAST trial, 

Na channel blockers effectively suppressed PVCs by more than 80%, but mortality nevertheless 

increased due to more frequent lethal arrhythmic events. Many later studies established that 

blocking the Na channel is proarrhythmic in ischemic and infarcted tissue, due to lowered 

excitability and increased post-repolarization refractoriness in the border zone 28, 30. Our 

simulations suggest that an additional mechanism could also be important: if the PVCs in these 

patients originated from Ca wave-mediated DADs, then reducing excitability by blocking Na 
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channels could have reduced the frequency of benign PVCs by converting suprathreshold DADs 

to subthreshold DADs, while at the same time paradoxically increasing the probability that the 

less frequent remaining suprathreshold DADs will initiate reentry.  This phenomenon was 

illustrated in Figs.4-5F and 4-6C, in which reducing Na channel conductance reduced the 

incidence of TA without reentry (benign PVCs) but increased the probability of TA with reentry 

(malignant PVCs initiating VT/VF) over a certain range of gNa. 

Finally, PVCs can originate from either the His-Purkinje system or ventricular myocardium 

in patients, and may exhibit simple patterns in the ECG, such as fixed QRS morphology (unifocal 

PVCs) and fixed coupling interval, or complex patterns such as different QRS morphologies 

(multifocal PVCs) and varying coupling intervals (modulated parasystole).  For the mechanisms 

described in this study, we can speculate that PVCs arising from an abnormal area in the His-

Purkinje system would tend to produce unifocal PVCs with some degree of variation in coupling 

intervals. In ventricular tissue, on the other hand, the random process by which Ca waves in 

individual myocytes self-organize to generate suprathreshold vs. subthreshold DADs in different 

regions of tissue would likely produce multifocal PVCs with variable coupling intervals.   Another 

potential insight from the current study relates to the hypothesis subthreshold DADs occurring 

in ventricles may be one of the mechanisms underlying U-waves in the ECG 32, as supported by 

recent experimental studies 13. Based on our finding that subthreshold DADs also can create 

vulnerable substrate for reentry, it is intriguing to speculate that PVCs accompanying U-waves in 

the ECG may confer a higher arrhythmia risk than when U-waves are absent. 
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Limitations 

 A limitation of this study is that the DADs in our model were caused by commanded SR 

Ca releases with randomly distributed amplitude and/or latency following Gaussian distributions, 

which allowed us to readily control DAD amplitude and latency. To realistically simulate 

spontaneous Ca release via the mechanism of Ca-induced Ca release and the feedback between 

Ca and voltage requires a detailed Ca cycling model incorporating random RyR openings 5, 33, 34. 

However, since we studied only the effects of voltage depolarization on conduction block and 

not the feedback between Ca and voltage or other excitation-contraction dynamics, the 

simulation results from the present study still provides important mechanistic insights into 

arrhythmias caused by DADs. We altered DAD amplitude by increasing spontaneous SR Ca 

release, but DAD amplitude can also be regulated by the diastolic Ca-voltage coupling gain 35, 

which we did not study except in the context of heart failure electrical remodeling (Fig.4- 6).  We 

also did not explicitly study the effects of altering DAD duration at the cellular level, which in real 

cells is sensitive to the subcellular location and numbers of sites from which Ca waves originate.  

Our 1D and 2D tissue models are relatively simple compared to real tissue, and the results may 

influenced by specific structural features of the tissue.  For example, as shown in Fig.4-5, the 

proarrhythmic effects of blocking Na channels or reducing gap junction conductance depended 

on the specific spatial characteristics of heterogeneities. Nevertheless, the insights from 

computer modeling in this study have uncovered novel mechanisms for DAD-mediated 

arrhythmogenesis that provide testable hypotheses for future experimental studies. 
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Conclusions 

Whereas suprathreshold DADs in cardiac tissue generate triggers for reentrant 

arrhythmias, subthreshold DADs can create regions susceptible to unidirectional conduction 

block, directly increasing the probability that the triggers will induce reentry.  This scenario is 

unlikely when Na channel properties are normal, but becomes increasingly probable as Na 

channel availability is reduced by sympathetic stimulation, disease-related remodeling, loss-of-

function genetic defects, or Class I antiarrhythmic drugs, and as gap junction coupling is reduced 

by gap junction remodeling or fibrosis. These dynamics provide novel mechanistic insights into 

DAD-mediated arrhythmogenesis potentially relevant to a spectrum of cardiac diseases such as 

chronic ischemia, heart failure, Brugada syndrome and CPVT, as well as the proarrhythmic effects 

of Na channel blockers. 
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Supplemental Information 

 

Supplemental Methods 

Simulations were carried out in 1D cable and 2D tissue models. The partial differential 

equation governing voltage for the 1D cable is 

<>
<,
= −𝐼C-D/𝐶) + 𝐷 <=>

<?=
                        (1) 

Where V is the membrane voltage, Cm=1 µF/cm2 is the membrane capacitance, D is the diffusion 

constant (proportional to gap junction conductance) with its control value set as 0.0005 cm2/ms. 

For 2D tissue, the equation for voltage is 

<>
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+ <=>
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)            (2) 

 The AP model and generation of DADs were described previously by Xie et al 1. A 

spontaneous Ca release flux was formulated as Jspon=gspong1g2(bcj-cs), where gspon is the maximum 

conductance, b is the sub-membrane space/SR volume ratio, cj and cs are the Ca concentrations 

in the junctional SR and sub-membrane space, respectively. g1 and g2 are sigmoidal functions of 

time formulated as g1=1/(1+exp(-(t-t0)/t1)) and g2=1/(1+exp((t-t0)/t2)), where t1=10 ms and t2=30 

ms, and t0 determines the timing (latency) of the DAD. For suprathreshold DADs, Jspon was turned 

off at the onset of the TA upstroke and the L-type Ca current caused the SR Ca release during the 

TA as in a normal AP.  For random latency, we used a Gaussian distribution as:  

𝑝(𝑡\) =
Z

�√6�
𝑒Q(,UQ,̅U)=/6�=                   (3) 
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In the simulations, unless specified the maximum Na channel conductance (gNa) was 12 pA/pF 

and the Na channel steady-state inactivation curve (h¥) was left-shifted 5 mV, i.e., the V1/2 was 

changed from -66 mV to -71 mV. Fig.4-1A shows example traces of DADs and TA for different 

gspon values and Fig.4-1B shows the maximum voltage versus gspon. The threshold for 

suprathreshold DADs or TA in a single cell is gspon=0.066 ms-1 (arrow in Fig.4-1B) without the shift 

of h¥ but with a 5 mV left-shift, it becomes 0.0695 ms-1(dashed line in Fig.4-2C). 

Numerical simulations were carried out in workstations using computing graphics 

processing units (Tesla K20c, NVIDIA Corporation). Δx=Δy=0.015 cm, and an operator splitting 

and time adaptive algorithm 2 was used with time step (Δt) varying between 0.01 ms and 0.1 ms. 
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Figure 4-S1. Reentry dependence on DAD latency distribution.  

A. Probability of reentry versus checker size for different latency standard deviations (σ). 
There is a different optimal σ for reentry at each checker size, which is related to the 
relative ease of TA propagation. When TA propagation is too difficult, there will be no 
suprathreshold DADs to trigger reentry; when TA propagation is too easy, there will be 
no subthreshold DADs to provide a substrate for reentry. A mixture is required for 
reentry, resulting in an optimal value.  

B. Probability of reentry versus latency standard deviation (σ) for a single checker size 
4x4cells. There is a narrow optimal range at this checker size for reentry. 
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Chapter 5: “R-from-T” as a common mechanism of arrhythmia initiation 

in long QT syndromes 

  



 138 

Abstract 

 

Background: Long QT syndromes (LQTS) arise from many genetic and non-genetic causes.  

Certain characteristic ECG features have been shown to precede polymorphic ventricular 

tachyarrhythmias (PVT) in patients of LQTS. However, how the many molecular causes result in 

these characteristic ECG patterns, and how these patterns are then mechanistically linked to 

the spontaneous initiation of PVT remain poorly understood. 

Methods and Results: We used an anatomical human ventricle model to simulate spontaneous 

initiation of PVT in different LQTS genotypes. Spontaneous initiation of PVT was elicited by 

gradually ramping up ICa,L or by changing the heart rate. In LQT2 and LQT3, as ICa,L gradually 

ramped up, T-wave alternans was observed followed by premature ventricular complexes 

(PVCs). Compensatory pauses occurred via retrograde block of the sinus beats, resulting in 

short-long-short sequences. As ICa,L increased further, episodes of PVT occurred, always 

preceded by a short-long-short sequence. However, in LQT1, once a PVC occurred it always 

immediately led to an episode of PVT without being preceded by T-wave alternans or short-

long-short sequences. Arrhythmias in LQT2 and LQT3 were bradycardia-dependent while LQT1 

was not. At high enough ICa,L levels, PVT could be induced in LQT2 and LQT3 by suddenly slowing 

the heart rate, and in LQT1 by speeding up the heart rate. In all three genotypes, the PVCs 

always originated spontaneously from the steep repolarization gradient region and manifested 

on ECG as R-on-T. We call this mechanism “R-from-T”, to distinguish it from the classic 

explanation of R-on-T arrhythmogenesis in which an exogenous PVC coincidentally encounters 
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a repolarizing region resulting in conduction block and reentry. In R-from-T, the PVC and the T-

wave are causally related, where QT prolongation results in steeper repolarization gradients 

which combined with enhanced ICa,L leads to PVCs emerging from the T-wave. Since enhanced 

ICa,L was required for R-from-T to occur, suppressing window ICa,L effectively prevented 

arrhythmias in all three genotypes.  

Conclusions: Despite the complex molecular causes of LQTS, R-from-T may be a common 

mechanism for PVT initiation in LQTS. Targeting ICa,L properties, such as suppressing window ICa,L 

or preventing excessive ICa,L increase, could be an effective unified therapy for arrhythmia 

prevention in LQTS. 
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Introduction 

 QT prolongation is a major risk factor of ventricular arrhythmias and sudden cardiac 

death in congenital and acquired long QT syndromes (LQTS) 1-5, heart failure 6, as well as 

ischemia 7. Over the last two decades, genetic sequencing and molecular studies have revealed 

a diverse taxonomy of congenital LQTS subtypes, classified by both the specific genetic 

mutations and the ion channels they affect. Since the discovery of LQT1, 16 distinct subtypes of 

LQTS have been classified 8, with the major subtypes being LQT1, LQT2, and LQT3. In addition, 

many drugs have been identified to prolong QT interval resulting in acquired LQTS 9. 

 While the molecular causes of LQTS are complex, clinical studies have shown that 

polymorphic ventricular tachyarrhythmias (PVT) or Torsade de Pointes in LQTS patients are 

usually preceded by several characteristic electrocardiogram (ECG) features (Fig.5-1):  

Pause-dependent and non-pause-dependent initiation of PVT—The onset of PVT in LQTS 

patients are mainly (~70%) pause-dependent 10, 11, i.e., PVT occurs after a prolonged RR 

interval. A ubiquitous ECG pattern preceding PVT is the so-called short-long-short (SLS) 

sequence (center top in Fig.5-1) 4, 9. A smaller portion (~30%) are non-pause dependent 

10, 11, i.e., PVT occurs spontaneously without a preceding pause or SLS sequence (center 

middle in Fig.5-1). Tan et al 12 showed that the onset of PVT is mainly pause-dependent 

in LQT2 and LQT3, but non-pause dependent in LQT1. 

T-wave alternans (TWA)—Macro-volt TWA occurs frequently in LQTS 4, 13-15. TWA can 

either directly precede PVT without a pause (center bottom in Fig.5-1), or occur much 

earlier with the onset of PVT preceded by a pause or SLS sequence 4, 15. 
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R-on-T—In all modes of PVT initiation above, the PVCs or first beat of PVT (marked by 

“*” in Fig.5-1) occur on the down-slope of the T-wave, a well-known ECG phenomenon 

called R-on-T. 

 

Reducing the many complex molecular causes to these several characteristic ECG features 

considerably simplifies our understanding of arrhythmogenesis in LQTS. However, how these 

molecular causes result in these characteristic ECG features, and how these features are then 

mechanistically linked to the initiation of PVT remain incompletely understood.  

In this study, we seek to bridge the gaps between molecular cause, ECG features, and 

arrhythmia initiation using in silico models of human LQTS. The ECG patterns from our 

anatomical ventricle simulations well captured the clinical ECG patterns and their genotype 

specificities. From our anatomical ventricle and simplified tissue simulations of LQT1, LQT2, and 

LQT3, we obtained the following mechanistic insight: regional action potential duration (APD) 

prolongation (and thus QT prolongation) increases repolarization gradients, which when 

combined with enhanced ICa,L causes the spontaneous genesis of PVCs. Since these PVCs 

emerge from the repolarization gradient that gives rise to the T-wave, we call this mechanism 

“R-from-T”, in contrast with the classic explanation of R-on-T mechanism in which an 

exogenous PVC coincidentally encounters a vulnerable repolarizing region during the T-wave, 

which we call “R-to-T”. In other words, in R-from-T, the PVC and the T-wave are not 

coincidental but causally related. We further distinguish these two mechanisms in detail in the 
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Discussion section. Since enhanced ICa,L is required for the R-from-T mechanism, targeting the 

properties of ICa,L could prevent PVT regardless of the specific subtype of LQTS. 

 

 

 
Figure 5-1. Schematic diagram linking the different molecular causes of LQTS to characteristic 
ECG features, and a hypothetical common mechanism of spontaneous arrhythmia initiation.  

Left column: Genetic and non-genetic causes of LQTS at the molecular scale. Middle column: 
Characteristics ECG features of spontaneous arrhythmogenesis in LQTS patients. Top ECG—Pause-
dependent initiation of PVT. An ECG from a patient with acquired LQTS showing SLS sequence preceding 
PVT, in which a first PVC (*) occurring on the downslope of the T-U wave causes a compensatory pause, 
resulting in a second PVC (*) leading to PVT. Modified from Fig.1 in Drew et al 4. Middle ECG—Non-
pause-dependent initiation of PVT. A representative ECG from a LQT1 patient with ischemia showing PVT 
initiation without a preceding pause. Modified from Fig.8B in Morita et al 3.  Bottom ECG—TWA-
dependent initiation of PVT. An ECG recording from a young boy with congenital LQTS. The two sinus 
beats show prolonged QT intervals (>600 ms) and TWA. A PVC (*) then occurred on the downslope of 
the larger T-wave, which then immediately initiated ventricular tachycardia. Modified from Fig.37-33 B 
from Braunwald's Heart Disease, by Mann et al 16.  Right column: A hypothetical common mechanism of 
arrhythmia initiation in LQTS investigated in the current study, termed “R-from-T”.   
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Methods 

 Computer models. The human anatomical ventricle model was adapted from one 

previously developed by Ten Tusscher et al 17, 18. We added a Purkinje network to the ventricle 

model generated using a method developed by Sahli Costabal et al 19. 1D cable and 2D tissue 

models were used for mechanistic investigations. All computer simulations were performed on 

Tesla and GeForce GPUs (NVIDIA corporation) with software written in the CUDA programing 

language. Pseudo-ECGs were computed 20, 21 with the V5 lead shown unless otherwise 

specified.  

 The human ventricular action potential model by O’Hara et al 22 was used for the 

ventricular myocytes. The ICa,L steady-state activation and inactivation curves were taken from 

either O’Hara et al 22 or Li et al 23.   The human Purkinje action potential model by Stewart et al 

24 was used for the Purkinje network cells. We modeled LQT1 by removing IKs, LQT2 by 

removing IKr, and LQT3 by increasing INaL in the ventricles. Parameters are detailed in Online SI 

for each type of LQTS. A bulk heterogeneity in the right ventricle was created by adjusting a 

non-mutated current for each LQTS subtype, resulting in an APD map agreeing with the ECG-

imaging studies of LQTS patients from Vijayakumar et al 25. 

Further details of the mathematical models, the fiber structure in the ventricles, the Purkinje 

network, Purkinje cell-myocyte coupling, and ECG computation are presented in Online SI. 
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Arrhythmia initiation protocols. We used three protocols to elicit spontaneous initiation of 

arrhythmias:  

1) PCa ramp protocol: Constant heart rate with a 20-sec ICa,L conductance (PCa) ramp 

(1st panel Fig.5-2A). The ramp begins at the control value (PCa,control=0.0001 cm/s=1 

μm/s) to a specified high value (PCa,H). The heart rate is fixed. This protocol simulates the 

initial phase of a β-adrenergic surge, when ICa,L is quickly activated but IKs is not yet 26. 

2)  Pause protocol (LQT2 and LQT3): Constant PCa with a pause in the heart rate by a 

sudden change from 120 bpm to 60 bpm. 

3)  Increasing heart rate protocol (LQT1): Constant PCa with the RR interval gradually 

decreasing from 1000 ms (60 bpm) to 500 ms (120 bpm) in increments of 10 ms per 

beat. 

 

Results 

Initiation of arrhythmias in LQT2 

Simulation of the anatomical ventricle model  

We first used the PCa ramp protocol (Figs.2 A and B) to elicit spontaneous initiation of PVT. 

Fig.5-2A shows ECGs in the time interval from 10 s to 50 s for different PCa,H values and Fig.5-2B 

shows voltage snapshots for PCa,H=2.8 μm/s.  Fig.5-2C shows the ECGs for the pause protocol in 

which PCa was held at 2.8 μm/s for the whole simulation period. The ECG dynamics from these 

simulations are summarized as follows: 
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TWA and PVCs—Up to PCa,H=1.5 μm/s, the ECG remained in normal sinus rhythm (1st 

ECG). When PCa,H was increased to 1.7 μm/s, TWA appeared (marked as “ABAB” on 

the 2nd ECG). When PCa,H was increased to 1.8 μm/s, PVCs occurred (marked by “*”, 

3rd ECG). These PVCs were always superimposed on the T-wave, manifesting as R-on-

T. TWA still preceded the appearance of PVCs (marked as “ABA” on the 3rd ECG 

panel), with the first PVC occurring on the larger of the alternating T-waves. 

SLS sequence—At PCa,H=1.8 μm/s, the first PVC blocks next sinus beat, resulting in a 

compensatory pause. After this pause and the next sinus beat, a second PVC occurs 

resulting in a classic SLS sequence. This ECG pattern repeated as PCa was held at 1.8 

μm/s. When PCa,H was increased to 2.0 μm/s (4th ECG), after the first compensatory 

pause, an alternating interpolated PVCs pattern (occurring every other sinus beat) 

without compensatory pauses formed, a behavior we call PVC alternans. 

PVT preceding SLS sequence—When PCa,H was raised to above 2.5 μm/s, multiple 

episodes of non-sustained PVT (5th ECG) and sustained PVT (6th ECG) occurred. These 

episodes of PVT were always preceded by a SLS sequence. To reveal how PVCs and 

PVT occur spontaneously in the heart, we show selected snapshots in a 3-view 

sequence (Purkinje network voltage, ventricular myocardium voltage, and 

ventricular excitation wavefronts) for the initiation episode in the PCa,H=2.8 μm/s 

case (Fig.5-2B). Focal excitations repeatedly originate from the right ventricle 

heterogeneity and eventually evolve into a focal-reentrant mixture (see Online 

Movie 5-1 for the entire episode).  
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PVT preceding a pause—We were also able to initiate arrhythmias using the pause 

protocol. Fig.5-2C shows an ECG for PCa held at 2.8 μm/s, in which the heart rate was 

suddenly decreased from 120 bpm to 60 bpm. When the heart rate was 120 bpm, no 

TWA or PVCs occurred. After the heart rate was changed to 60 bpm, PVT was 

initiated immediately. 

 

Mechanistic insights of arrhythmogenesis from 1D and 2D tissue simulations  

To better understand the underlying mechanism of arrhythmia initiation in the anatomical 

ventricle, we carried out additional simulations using 1D cable and 2D tissue models. 

In the 1D cable, a region of longer APD was placed in the center by using a smaller IKs 

conductance (GKs), paced from the upper end. When PCa = 1 μm/s (Fig.5-3A), the APD was stable 

in the entire pacing cycle length (PCL) range from 400 ms to 1600 ms. For PCa = 2.0 μm/s (Fig.5-

3B), when PCL was increased to 1000 ms, APD alternans occurred in the center region of the 

cable but did not generate PVCs (corresponding to TWA in the 2nd ECG in Fig.5-2A). At PCLs 

longer than 1150 ms, APD dynamics became more complex and PVCs occurred. For PCa = 2.3 

μm/s (Fig.5-3C), when PCL was increased to a value where APD alternans occurred, PVCs also 

occurred. These APD alternans lead to PVC alternans (corresponding to the PVC pattern seen in 

the 4th ECG in Fig.5-2A). At slower PCLs, PVCs occur on every beat. Importantly, these PVCs 

emerge spontaneously from the repolarization gradient region and propagate only in one 

direction, a process we call spontaneous unidirectional propagation.   
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Figure 5-2. Spontaneous initiation of arrhythmias in LQT2.  

A. Top panel: Schematic of the PCa ramp protocol. The ramp starts at t=5 s and ends at t=25 s. ECG 
traces: ECG traces from t=10 s to 50 s for 6 PCa,H values (in units of µm/s) as indicated on each ECG. 
Heart rate was 60 bpm. “ABAB” marks TWA. “*” marks the PVCs and horizontal arrows indicate 
episodes of PVT. In the 2nd ECG we also show the V1 lead (inset) for TWA. B. Numbered snapshots of 
voltage maps (1st and 2nd row) and wavefronts (colored red, 3rd row) from the time points marked by 
corresponding red arrows on the last ECG in A (PCa,H=2.8 µm/s). See Online Movie 5-1 for full 
episode. C. PVT induced by the pause protocol, changing the heart rate from 120 bpm to 60 bpm 
with a constant PCa =2.8 µm/s. 
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In the 2D tissue, a longer APD region is similarly placed in the center of the tissue (Figs.3 D and 

E). The tissue was paced from the left edge and the PCL was maintained at 700 ms for 20 beats 

and then suddenly increased to 1000 ms. In the first case, the long APD region is circular (Fig.5-

3D, Online Movie 5-2). At PCL = 700 ms, no PVCs occurred. After PCL was increased to 1000 ms, 

focal excitations began to emerge from the APD gradient region. The excitations propagated 

unidirectionally (indicated by the white arrows), first to the right, then around the longer APD 

region before finally colliding and annihilating at the left side, forming a target-like pattern. This 

repeated to generate a focal train of multiple PVCs. As the PCL was maintained at 1000 ms, 

multiple such episodes occurred. However, when we changed the shape of the longer APD 

region into a larger and more elongated geometry (Fig.5-3E, Online Movie 5-3), the initial focal 

excitation directly evolved into sustained reentry instead, forming a figure-of-eight reentry 

since the region was large enough that the tips did not collide and annihilate. This reentry arose 

directly from spontaneous unidirectional propagation of the PVC itself, and was not the result 

of another exogeneous PVC encountering conduction block. 
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Figure 5-3. Mechanistic insights of arrhythmogenesis from 1D cable and 2D tissue simulations.  

A. Upper: APD versus PCL recorded from the three locations indicated in the lower panel. Lower: Space-
time plot of voltage in the 1D cable (300 cells) for 4 beats at PCL=1000 ms. PCa=1.0 µm/s. GKs,1=0.05 
mS/μF, GKs,2=0.03 mS/μF. B. Same as A but for PCa=2.0 µm/s. APD alternans without PVCs occurred from 
PCL=1000 ms to 1150 ms. C. Same as A but for PCa=2.3 µm/s. APD alternans occurred from PCL=900 ms 
to 1050 ms, in which PVC alternans (marked with “*” in lower panel) occurred simultaneously. D. 
Pseudo-ECG and voltage snapshots from a 2D tissue (500x500 cells) simulation with a circular region of 
lower GKs. GKs=0.03 mS/μF in the center circular region (diameter = 100 cells), GKs=0.05 mS/μF 
elsewhere. The tissue was paced from the left side with 20 beats at PCL=700 ms and then changed to 
1000 ms. White arrows in the 4th voltage panel indicate the direction of spontaneous unidirectional 
propagation of the PVC. See Online Movie 5-2 for full episode. E. Same as D but the long APD region was 
changed to an oval (long axis = 300 cells, short axis = 200 cells). See Online Movie 5-3 for full episode.   
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Initiation of arrhythmias in LQT3 

 We used the same two protocols as in LQT2 to elicit arrhythmias. Fig.5-4A shows the 

ECGs for the PCa ramp protocol. Similar to in LQT2, TWA preceded R-on-T PVCs (marked by “*”), 

and the first PVC always occurred on the larger of the alternating T-wave. Most of the time, 

episodes of PVT followed SLS sequences (i.e., a pause), but in some cases PVT also occurred 

immediately following TWA without a pause (3rd ECG). This case of TWA immediately preceding 

PVT is similar to the clinical example shown in Fig.5-1. Sustained ventricular tachycardia 

occurred at PCa,H = 3.2 μm/s (6th ECG). In Fig.5-4B, we show selected snapshots in a 3-view mode 

for the initiation episode in the PCa,H = 3.2 μm/s case (see Online Movie 5-4 for the entire 

episode). The PVCs again emerged spontaneously and propagated out unidirectionally from the 

repolarization gradient region. In this case, the focal excitation traveled around the longer APD 

region and was able to quickly evolve into a stable reentry, manifesting as a monomorphic 

ventricular tachycardia. Using other parameters, the resulting arrhythmia could be either 

monomorphic or polymorphic. 

 We also elicited arrhythmias using the pause protocol (Fig.5-4C). With a heart rate of 

120 bpm, no PVCs or arrhythmias occurred even at PCa,H = 3.6 μm/s, but arrhythmias occurred 

immediately after a sudden decrease in heart rate to 60 bpm. 
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Figure 5-4. Spontaneous initiation of arrhythmias in LQT3.  

A. ECG traces from t=10 s to 50 s for 6 PCa,H values as indicated on each ECG, using the same PCa ramp 
protocol in LQT2 (top panel in Fig. 5-2A). Heart rate was 60 bpm. “ABAB” marks TWA. “*” marks the 
PVCs and horizontal arrows indicate episodes of PVT. In the 2nd ECG we also show the V1 lead (inset) for 
TWA. B. Numbered snapshots of voltage maps (1st and 2nd row) and wavefronts (colored red, 3rd row) 
from the time points marked by corresponding red arrows on the last ECG in A (PCa,H=3.2 µm/s). See 
Online Movie 5-4 for full episode. C. PVT induced by the pause protocol, changing the heart rate from 
120 bpm to 60 bpm with a constant PCa =3.6 µm/s. 
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Initiation of arrhythmias in LQT1 

 Spontaneous initiation of PVT in LQT1 manifests differently than in LQT2 and LQT3. We 

first used the PCa ramp protocol with heart rates of 60 bpm and 120 bpm. Fig.5-5A shows ECGs 

at three PCa,H values for both heart rates. At PCa,H = 2.1 μm/s, both ECGs show normal sinus 

rhythm. When PCa,H was increased to 3.1 μm/s, arrhythmias occurred at 120 bpm but not at 60 

bpm. When PCa,H was increased further to 4.1 μm/s, arrhythmias occurred at both heart rates. 

Note that in either heart rate, arrhythmias always occurred without a preceding pause or SLS 

sequence. In addition, no TWA was observed at any PCa,H. Despite these differences from LQT2 

and LQT3, the arrhythmias were still initiated with an R-on-T (marked by “*”). The 3-view 

snapshots also show focal excitations emerging from the repolarization gradient region, 

resulting in PVT (Fig.5-5B and Online Movie 5-5). PVT was also able to be elicited using the 

increasing heart rate protocol for certain PCa,H values between 3.1 and 4.1 μm/s, with an 

example shown at PCa,H=4.0 μm/s (Fig.5-5C).  

 While the presence of IKs can explain why arrhythmias tend to occur at slower heart 

rates in LQT2 and LQT3 27, it is not clear why a unique SLS sequence occurs in LQT2 and LQT3 

but not in LQT1. To understand the underlying mechanism, we carried out single cell and 1D 

cable simulations comparing LQT1 and LQT2. Fig.5-6A shows APD versus PCa for LQT1 and LQT2. 

In the case of LQT1, increasing PCa causes APD to increase suddenly to repolarization failure. 

However, in the case of LQT2, APD increases as a staircase with incremental transitions. The 

sudden repolarization failure in LQT1 is due to the fact that peak IKr does not change with 

increasing APD since IKr has already saturated (upper panels in Fig.5-6B), and therefore there is 

not enough outward current to oppose the increase of ICa,L. On the other hand, when IKs is  
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Figure 5-5. Spontaneous initiation of arrhythmias in LQT1.  

A. ECG traces at 2 heart rates (60 bpm and 120 bpm) for 3 PCa,H values, using the same PCa ramp protocol 
in LQT2 (top panel in Fig. 5-2A). “*” marks the PVCs and horizontal arrows indicate the PVT episodes. B. 
Numbered snapshots of voltage maps (1st and 2nd row) and wavefronts (colored red, 3rd row) from the 
time points marked by corresponding red arrows on the 4th ECG in A (120 bpm, PCa,H=3.1 µm/s). See 
Online Movie 5-5 for full episode. C. PVT induced by the increasing heart rate protocol. Heart rate was 
gradually increased from 60 bpm to 120 bpm for a constant PCa=4.0 µm/s. 
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present as in LQT2, it does increase with increasing APD due to its slow activation (lower panels 

in Fig.5-6B), supplying enough outward current to oppose ICa,L for repolarization. At the tissue 

scale, repolarization failure in the long APD region causes repetitive firings at both fast and slow 

heart rates (Fig.5-6C). Therefore, in LQT1, the sudden transition from a normal action potential 

to repolarization failure causes the transition from sinus rhythm to repetitive focal firings. 

Single PVCs with a compensatory pause or SLS sequences do not have a chance to develop, 

since full blown arrhythmias occur immediately from the first PVC onward.  
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Figure 5-6. Cellular and tissue mechanisms of arrhythmogenesis in LQT1.  

A. Single cell APD versus PCa for LQT1 (left) and LQT2 (right). Arrow marks PCa where repolarization 
failure occurs. B. Single cell voltage, IKr, and IKs versus time for LQT1 (upper panels) and LQT2 (lower 
panels) at three PCa values. C. Linescans of voltage in a 1D cable for PCa = 3.1 µm/s at PCL=500 ms (left, 
corresponding to the 4th ECG in Fig. 5-5A) and PCa = 4.1 µm/s at PCL=1000 ms (right, corresponding to 
the 5th ECG in Fig. 5-5A) in LQT1, showing repolarization failure in the center of the cable generating 
new PVCs.  
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Reducing window ICa,L prevents arrhythmogenesis in LQTS 

 Although the modes of spontaneous arrhythmia initiation are genotype-dependent, one 

common requirement is the enhancement of ICa,L. Moreover, the R-on-T focal excitations that 

initiate the arrhythmias always originate from the repolarization gradient regions, resulting in 

focal, reentrant, or mixed focal-reentrant arrhythmias. Based on our understanding of the role 

window ICa,L plays in both EAD-genesis in single cells 28, 29 and PVC formation in heterogeneous 

tissue 30, we hypothesized that reducing the window ICa,L can prevent arrhythmias in LQTS. We 

reduced the window ICa,L by shifting the steady-state inactivation curve (f∞) as indicated in Fig.5-

7A. The advantage of shifting f∞ (in contrast to ICa,L blockade) is that it does not affect ICa,L in the 

normal action potential (Fig.5-7B left), but can effectively suppress EADs (Fig.5-7B right) and 

PVCs 30. Left-shifting f∞ by 5 mV prevented the arrhythmias that were induced by the PCa ramp 

protocol in LQT1, LQT2, and LQT3 (Fig.5-7C). To systematically evaluate the efficacy of this 

therapeutic strategy, we carried out 1D cable simulations to identify the PCa threshold for PVCs 

versus the amount of f∞ shift (Fig.5-7D). In all three subtypes of LQTS, a 5 mV shift almost 

doubled the threshold for arrhythmias. At 8 mV shift, no PVCs were seen even at 6 times the 

control PCa for any LQTS subtype. 
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Figure 5-7. A unified genotype-independent therapy for LQT1, LQT2, and LQT3.  

A. Steady-state activation (d∞) and inactivation (f∞) curves for ICa,L. Dashed curve is f∞ with a 5 mV shift. 
B. Action potential and ICa,L before and after 5 mV shift of f∞. Left: Normal action potential in which the 
shift causes no change (the green and blue curves are superimposed). Right: The EAD was suppressed by 
the 5 mV shift, but with no change in peak ICa,L. C. ECG before (reproduced from Fig. 5-2, 5-4, 5-5) and 
after a 5 mV f∞ shift in LQT1, LQT2, and LQT3. D. PCa threshold for PVCs in 1D cable simulations versus 
voltage shift of f∞ for LQT1, LQT2, and LQT3. 
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Discussion 

 In this study, we used anatomical human ventricle and simplified tissue models to 

systematically investigate the mechanisms of spontaneous arrhythmia initiation in LQTS. Our 

simulations reproduced the characteristic ECG features commonly seen in LQTS patients, 

including TWA, R-on-T, and SLS sequences leading to PVT in LQT2 and LQT3, and non-pause-

dependent initiation of PVT in LQT1. 1D and 2D models further explored the detailed 

mechanisms of TWA, PVC formation, and initiation of arrhythmias. We showed that although 

the characteristic ECG features preceding the onset of PVT may vary between the different 

LQTS genotypes, a common mechanism for PVT initiation may exist which we call “R-from-T”. In 

this R-from-T mechanism, PVCs are generated from increased repolarization gradients (as a 

result of QT prolongation) with an enhanced ICa,L (such as during a β-adrenergic surge), which 

then propagate unidirectionally away from the repolarization gradient region. This can generate 

either target-like excitation patterns resulting in focal arrhythmias or evolve into reentrant 

arrhythmias depending on the geometry of the tissue heterogeneity. This new understanding 

leads to a unified therapeutic strategy in which a single intervention of suppressing window ICa,L 

effectively prevented arrhythmias in multiple LQTS subtypes. Detailed mechanistic insights and 

implications for clinical arrhythmia prevention are discussed in detail below. 

R-from-T as a common mechanism of arrhythmia initiation in LQTS: R-on-T revisited 

  “R-on-T” is a descriptive term denoting the ECG appearance of an R-wave 

superimposed on a T-wave. R-waves that occur during the downslope of a T-wave have been 

widely associated with increased arrhythmia risk in a variety of conditions 31. Here we discuss 
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our current understanding of the different possible mechanisms by which arrhythmias can 

spontaneously initiate with the R-on-T phenomenon (Fig.5-8).  

The classical mechanistic explanation for arrhythmias initiating as an R-on-T is as follows: When 

an ectopic PVC from somewhere either in the Purkinje network or ventricular myocardium 

encounters a refractory region with right timing, unidirectional conduction block can occur 

which may then develop into figure-of-eight reentry (Fig.5-8 left). Since in this scenario the PVC 

travels and encounters a repolarizing T-wave by chance, we call this classic mechanism the “R-

to-T” mechanism.  

In the current and our previous studies 18, 30, 32, 33, we have shown that PVCs can also 

spontaneously arise from a repolarization gradient via a dynamical instability when ICa,L is 

significantly enhanced. The PVCs from this mechanism will always appear and coincide during 

the T-wave, also manifesting as R-on-T on ECG. Because these PVCs arise from the 

repolarization gradient and thus are causally linked with the T-wave, we call this new 

mechanism the “R-from-T” mechanism (Fig.5-8 middle and right). Note that in R-to-T, the R 

wave and T wave are two independent events, while in R-from-T, the R-wave is caused by the T-

wave.  

In R-from-T, after the PVCs emerge spontaneously from the repolarization gradient region, they 

propagate unidirectionally away from the gradient, a behavior we call spontaneous 

unidirectional propagation. Evidence of this type of PVC behavior has been shown in optical 

mapping experiments of rabbit and canine hearts 30, 34-36, where spontaneous PVCs would 

emerge from the steep repolarization gradient region and propagate unidirectionally. This 
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behavior results in distinctly different mechanisms of arrhythmogenesis compared to the 

classical R-to-T mechanism. First, repeated PVCs can occur by R-from-T 30, manifesting as 

singlets, couplets, or a long train of PVCs, resulting in sustained or non-sustained focal 

arrhythmias. Second, since the PVC only propagates unidirectionally, it can also evolve directly 

into reentrant arrhythmias without requiring an additional region of heterogeneity to cause 

conduction block. Thus, depending on the properties of the heterogeneity, these PVCs can 

result in focal, reentrant, or mixed focal/reentrant arrhythmias all from the same R-from-T 

mechanism. 

Since the R-from-T PVCs and the subsequent arrhythmias are caused by the same mechanism, a 

single PVC in this case can be considered as just the shortest possible run of an arrhythmia. 

Couplets, triplets, trains of PVCs, and the subsequent PVT are just longer runs of arrhythmias 

from the same underlying instability, which depends on the cellular and tissue properties as 

well as the interactions of PVCs with the sinus beats. In this sense, the R-from-T mechanism 

blurs the line between the usual notions of a distinct trigger and substrate in arrhythmia 

initiation. 

While the R-to-T mechanism is widely considered as the prototypical mechanism of 

arrhythmogenesis in cardiac diseases in general 37, 38, it is unknown whether such a mechanism 

is indeed responsible for the spontaneous initiation of arrhythmias in LQTS. Although the R-to-T 

mechanism has been reproduced in computer simulations of LQTS using an externally-applied 

premature stimulus (so-called S1S2 protocol) 39, to our knowledge there is no clear 

experimental evidence of spontaneous arrhythmias caused by R-to-T in LQTS. On the other 

hand, several optical mapping experiments of LQTS do show spontaneous unidirectional 
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propagation from the steep repolarization gradient region 30, 34-36, consistent with the R-from-T 

mechanism. Other recent simulation studies 18, 30, 32, 40, 41 have also shown spontaneous 

initiation of arrhythmias without an external stimulus, while our current study is able to 

reproduce the characteristic ECG features seen LQTS patients and reveals how R-from-T serves 

as a common mechanism of arrhythmia initiation in different LQTS subtypes.     

 

Figure 5-8. Schematic diagram distinguishing the “R-to-T” and “R-from-T” mechanisms of 
arrhythmia initiation.  

Spontaneous arrhythmias that initiate with an R-on-T phenomenon on ECG can arise from two different 
underlying mechanisms which we call “R-to-T” and “R-from-T”. Left: R-to-T is the mechanism in which a 
PVC encounters a repolarizing region, undergoing unidirectional conduction block and causing figure-of-
eight reentry. The R-wave and T-wave are two independent events, and the arrhythmias are only 
reentry. Middle and Right: R-from-T is the mechanism investigated in this study, where a PVC emerges 
from a repolarization gradient resulting in spontaneous unidirectional propagation. The R-wave is caused 
by the T-wave, and the arrhythmias can be either focal excitations (middle) or reentry (right) depending 
on the properties of the heterogeneity.  
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Mechanistic links between the characteristic ECG features and spontaneous PVT initiation in 

LQTS 

 TWA and SLS sequences are the major characteristic ECG features known to precede 

PVT in LQTS but their detailed relationship is not well understood. Our results from this study 

offer a deeper explanation through the R-from-T mechanism.  

TWA has been widely observed in LQTS 4, 13-15, and often precedes the initiation of PVT, either 

immediately (e.g., center bottom in Fig.5-1) 16 or many hours before a pause-induced 

arrhythmia 4, 15. In our ICa,L ramp protocol simulations of LQT2 (Fig.5-2) and LQT3 (Fig.5-4), TWA 

was observed just before the appearance of PVCs and PVT. The first PVC during the ICa,L ramp 

always occurred on the larger of the alternating T-waves. In most of the cases, PVT initiation 

was still preceded by a SLS sequence, but could also occur immediately following TWA without 

a SLS sequence (3rd ECG in Fig.5-4A). These simulated ECG behaviors agree well with the clinical 

ECG features seen in LQTS patients 4, 15, 16. The role of TWA in the genesis of PVCs and 

arrhythmias has been investigated in our recent study 32. We demonstrated that TWA can 

further exacerbate the repolarization gradient causing PVCs and PVT. However, TWA itself is an 

intermediate behavior, also caused by enhanced ICa,L (Figs. 2-4) and slow heart rates (Fig.5-3), or 

simply by QT prolongation 32. PVCs and initiation of PVT also result from enhanced ICa,L and slow 

heart rates, but do not necessarily require TWA to occur. The ICa,L threshold or the heart rate 

threshold for TWA is lower than that for PVCs and arrhythmias, which may explain why TWA 

occurs frequently in LQTS without arrhythmias or can occur long before arrhythmia onset.  

These insights agree well with the clinical observation that LQTS patients with TWA have a 

higher incidence of arrhythmias, but QT prolongation is still the primary risk factor 14. 
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 The SLS sequence or a pause immediately preceding PVT initiation is a unique ECG 

feature in LQTS, accounting for the majority of PVT initiation patterns 4, 9-12, 42. In our anatomical 

ventricle simulations, almost all PVT episodes were preceded by a SLS sequence in LQT2 and 

LQT3, but not in LQT1, agreeing with clinical observations 12. In our ICa,L ramp protocol 

simulations, the SLS sequence appeared naturally as ICa,L was ramped up. When the first PVC 

occurs (short), it propagates retrogradely through the Purkinje network, blocking the next sinus 

beat and resulting in a longer RR interval (long). This increased RR interval further exacerbates 

the repolarization gradient, leading to another PVC on the next beat (short). Since this pause is 

longer than the normal sinus RR interval, the repolarization gradient becomes more severe, 

which can lead to repetitive PVCs or reentrant PVT. The role of the first PVC, whether it arises 

from R-from-T or any additional mechanisms including DADs, Purkinje automaticity, or even 

heart rate variability (for example in Fig.5-2C, Fig.5-4C), is to simply set up the long 

compensatory pause. 

Note that our anatomical ventricle simulations capture the wide range of ECG phenomenon in 

LQTS, including TWA, PVCs, SLS, R-on-T, and PVTs with only a single intervention, i.e., ramping 

up ICa,L. This suggests that the R-from-T mechanism is a likely candidate for spontaneous 

arrhythmogenesis in LQTS. 

 

Genotype-dependent onset of PVT: Role of IKs 

Different LQTS subtypes are known to exhibit different genotype-dependent triggers 43 and 

characteristic ECG features preceding PVT 12. For example, LQT2 and LQT3 arrhythmias tend to 
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be more bradycardia-dependent, while in LQT1 this rate-dependence is much less sensitive and 

can even be tachycardia-dependent, a feature well captured by our simulations. This can be 

explained by the well-known effect of the slow transition to the deeper closed-states of IKs 27: a 

longer diastolic interval will cause fewer channels to be available for immediate opening in the 

next action potential, and thus results in a lower repolarization reserve. However, it is not 

clearly understood why SLS sequences occur frequently in LQT2 and LQT3, but not in LQT1. This 

study offers further mechanistic insight. 

 The effects of slow activation of IKs on APD have been investigated in general in our previous 

study 44 and in a recent study by Varshneya et al 45. As shown in our single cell and 1D cable 

results (Fig.5-6), in the absence of IKs, the action potential tends to exhibit an all-or-none 

response to increasing ICa,L, i.e., the action potential either repolarizes normally or fails to 

repolarize. But in the presence of IKs, the APD exhibits a more graded response to increasing ICa,L 

due to the slow activation of IKs. Therefore, in LQT1 repolarization failure will occur abruptly in 

the longer APD region once ICa,L reaches the threshold, directly generating repetitive focal PVCs 

and causing a sudden transition from sinus rhythm to PVT. In LQT2 and LQT3 however, the APD 

increases gradually in response to the ICa,L ramp. When ICa,L reaches the threshold, only a single 

PVC is generated, which can result in a compensatory pause and potentiates R-from-T 

arrhythmogenesis in a pause-dependent manner with a SLS sequence.  

Although these genotype-dependent features leading up to PVT appear very different, the 

mechanism of arrhythmia initiation is still the same, i.e. R-from-T. Therefore, this study 

provides important insights that mechanistically link the molecular causes of LQTS to the 
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characteristic ECG features, and then these ECG features to a common R-from-T mechanism for 

spontaneous PVT initiation.  

 

Implications for developing a unified therapy for PVT prevention in LQTS 

 A major insight from our study is that the R-from-T mechanism may be the final 

common pathway leading to PVT initiation, regardless of the LQTS genotype. One critical factor 

for R-from-T was an enhanced ICa,L. It is well-known that blocking Ca2+ channels has adverse 

effects of weakening contraction 46, and thus Ca2+ channel blockers are typically not 

appropriate for clinical use. In this study, we showed that R-from-T arrhythmogenesis does not 

occur until ICa,L is significantly increased above baseline (a two to four-fold increase). Therefore, 

instead of blocking ICa,L overall, preventing excessive increase of ICa,L over baseline can still be 

effective in preventing R-from-T arrhythmias. This observation agrees with current clinical 

practice where b-blockers are used as the mainstay arrhythmia prevention therapy in LQTS 43, 

since b-blockers can prevent the excessive ICa,L increase during a sympathetic event, albeit still 

with notable side effects on heart rate, exercise tolerance, and blood pressure. 

In this study, we demonstrated another potential therapy, treating different LQTS subtypes 

using only a single intervention by reducing the ICa,L window current with a simple shift in the 

steady-state inactivation curve (f∞). In other words, we were able to prevent arrhythmias in 

LQT1, LQT2, and LQT3, only by targeting the ICa,L window current. The advantages of this 

therapeutic strategy include: 1) it avoids affecting the normal calcium transient required for 

contractility as calcium channel blockers would; 2) it does not affect the APD (and thus QT 
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interval) during sinus rhythm, differing from many of the ion channel blockers; and 3) it avoids 

affecting the heart rate as with b-blockers. Our results demonstrate that this approach was 

effective, as only a small 5mV shift in f∞ doubled the arrhythmia threshold for all LQTS 

subtypes.  

 

Limitations 

 For the sake of mechanistic clarity and data availability, some aspects of our models 

were simplified in as reasonable a manner as possible. The anatomical ventricle model tissue 

heterogeneity was simulated as a simplified single bulk region to elicit a clearly interpretable 

initiation of arrythmias, which may result in T-wave morphologies that differ from real patients 

47. More complicated heterogeneities may result in more mixed cases with different or multiple 

initiation sites. In addition, inter-patient ionic current variability can play important roles in the 

mode of arrhythmia initiation, which may require population modeling approaches 48-50.  We 

also simulated the β-adrenergic surge by only ramping up ICa,L without any other effects, 

focusing on the initial phase of sympathetic simulation. In this study the most extreme 

congenital LQT1 and LQT2 mutations of zero IKs and IKr were simulated, but there are many 

other possible mutations with partial reduction or trafficking defects instead of complete 

deficiency, which may result in further mixed or intermediate behaviors. Finally, this study 

focused on congenital LQT1, LQT2, and LQT3, but the insights into PVT initiation and prevention 

by targeting ICa,L could also be applicable to other congenital LQTS and acquired LQTS since the 

R-from-T mechanism seems invariant to the particular cause of QT prolongation, as long as a 
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repolarization gradient and sufficiently elevated ICa,L exists. This needs to be verified in other 

types of congenital LQTS as well as acquired LQTS in future modeling studies, and eventually 

verified in future experimental and clinical studies. 

 

Conclusions 

 Despite the complex genetic and non-genetic causes of LQTS and genotype-dependent 

clinical features, R-from-T offers a promising common mechanism for PVT initiation in LQTS. 

Since R-from-T arrhythmogenesis is promoted by a steep repolarization gradient and requires 

an enhanced ICa,L to occur, targeting ICa,L properties, such as suppressing window ICa,L or 

preventing excessive increase of ICa,L, can be an effective unified therapy for arrhythmia 

prevention in LQTS. 
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Supplemental Information 

Ventricular myocyte cell model 

The base cell model used was the human ventricular myocyte model by O’Hara et al 1 with the 

endocardial control parameters. To address a well-known tissue propagation issue, the INa m-

gate steady-state activation curve was left-shifted by 10 mV. To simulate the different 

congenital LQTS subtypes, the conductance of IKs or IKr was completely blocked in the case of 

LQT1 and LQT2 respectively, and the conductance of INaL was increased in LQT3. To simulate the 

bulk heterogeneity, the conductances of IKr in LQT1, IKs in LQT2, and INaL in LQT3 were adjusted 

to create a repolarization gradient. The ICa,L steady-state activation and inactivation curves were 

taken from either the original O’Hara et al formulation or another human measurement from Li 

et al 2, parameterized in the form of d∞ = 1/(1 + exp �Q�>Jd∞,V�
d∞,k

�)	and f∞ = 1/(1 +

exp �>Jf∞,V

f∞,k
�).  

The parameters for LQT1 were: GKs = 0 mS/μF, GKr,1 = 0.025 mS/μF, GKr,2 = 0.017 mS/μF, d∞,V = 

3.940 mV, d∞,k = 4.230 mV, f∞,V = 19.58 mV, f∞,k = 3.696 mV.  

The parameters for LQT2 were: GKr = 0 mS/μF, GKs,1 = 0.050 mS/μF, GKs,2 = 0.030 mS/μF, d∞,V = 

4.8 mV, d∞,k = 6.2 mV, f∞,V = 28.5 mV, f∞,k = 7.8 mV.  

The parameters for LQT3 were: GNaL,1 = 0.050 mS/μF, GNaL,2 = 0.066 mS/μF, d∞,V = 4.8 mV, d∞,k = 

6.2 mV, f∞,V = 28.5 mV, f∞,k = 7.8 mV. 
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Anatomical ventricle modeling 

The anatomical geometry of the ventricle model and fiber direction field were obtained from 

previous work by Ten Tusscher et al 3, consisting of ~1.7 million voxels of 0.5 mm size, 

incorporating a Purkinje network (Fig.5-S1).  

 

Figure 5-S1. Human ventricle myocardium model coupled with the Purkinje network model. 

The Purkinje network starts at the simulated AV node where sinus beats are initiated, is grown 

onto the endocardial surface. 

The partial differential equation governing membrane voltage V in the anatomical model is: 
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where Cm = 1 µF/cm2 is the membrane capacitance, Iion is the total ionic currents of the cell, and 

Dij is the 3D conductivity tensor describing the anisotropy of voltage propagation corresponding 

to the fiber direction field, with i,j as indices for the 3 cartesian dimensions. Numerical integration 

was performed using with a finite difference forward Euler method and an operating splitting 
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and time adaptive algorithm 4 with the time step (Δt) varying between 0.01 ms and 0.1 ms. A bulk 

heterogeneity in the RV was set using the parameters described above (Fig.5-S2). 

 

 

Figure 5-S2. Bulk heterogeneities for each LQTS subtype. The spatial heterogeneity is created 

using two different conductance regions in GKr for LQT1, GKs for LQT2, and GNaL for LQT3. All other 

parameters are homogeneous across the ventricle for each subtype. 

 

 

Purkinje network modeling 

We tailored our model to provide for a physiological activation sequence, ECG properties, and 

robust forward and retrograde conduction at the Purkinje-myocyte junctions (PMJs). The 

human Purkinje action potential model by Stewart et al 5 was used for our Purkinje network. 

The Purkinje network was modeled as a connected set of 1D cables with the diffusion constant 

set to result in a conduction velocity of ~4 m/s. The primary tree of the Purkinje network began 
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at a straight His-bundle which then branched into the right bundle branch and the left bundle 

branch (including the left anterior and posterior fascicles). An AV-node delay was simulated by 

a very slow diffusion constant at the beginning of the His-bundle. The rest of the network was 

generated using a fractal surface mapping method developed by Sahli Costabal et al 6, mapped 

to the RV and LV endocardial surfaces. The terminal Purkinje fibers were allowed to form loops 

as consistent with experimental data 7, 8. The final full structure (Fig.5-S1) consisted of 58,705 

computational cell nodes with Δx = 0.5 mm. A PMJ was created between each Purkinje cell 

node to the closest ventricular myocyte cell node, modeled as a passive Ohm’s law 

conductance. The relative capacitance ratio between the Purkinje and ventricular myocyte 

computational nodes was set to 1.0 which allowed for robust forward and retrograde 

conduction across the PMJ.  

The differential equation governing Purkinje cell voltage VP is: 

𝑑𝑉�
𝑑𝑡 = −

𝐼C-D,�
𝐶),�

+F𝐷�
𝑉C − 𝑉M
∆𝑥6

C

+ 𝐼���/𝐶),� 

with  

𝐼��� = [𝐺���(𝑉 − 𝑉�), cells with a PMJ
0, cells without a PMJ

 

where Cm,Purkinje is the capacitance of the Purkinje cell node, Iion,Purkinje is the total ionic currents 

of the Purkinje cell, DPurkinje = 0.0300 cm2/ms is the diffusion constant, GPMJ = 0.05 mS/µF. The 

ventricular myocyte that belongs to the PMJ also receives an equal and opposite IPMJ. Numerical 

integration was performed using a finite difference forward Euler method with operator 

splitting and a fixed time step of Δt = 0.01 ms. 
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1D and 2D tissue models 

The partial differential equation governing voltage for the 1D cable is 

<>
<,
= −𝐼C-D/𝐶) + 𝐷 <=>

<?=
  

where V is the membrane voltage, Cm=1 µF/cm2 is the membrane capacitance, D = 0.0005 cm2/ms 

is the diffusion constant (proportional to gap junction conductance), and Δx = 0.15 mm.  

For 2D tissue, the equation for voltage is 

<>
<,
= −𝐼C-D/𝐶) + 𝐷(<

=>
<?=

+ <=>
<@=
)  

where V is the membrane voltage, Cm=1 µF/cm2 is the membrane capacitance, D = 0.0001 cm2/ms 

is the diffusion constant (proportional to gap junction conductance), and Δx = 0.15 mm.  

Numerical integration was performed using a finite difference forward Euler method and an 

operating splitting and time adaptive algorithm with the time step (Δt) varying between 0.01 ms 

and 0.1 ms. 

Pseudo-ECG computation 

Pseudo ECGs were computed using the following formula 9, 10 

𝜱𝒆(𝑥′, 𝑦′, 𝑧′)	~�(−𝜵𝑉) ∙ �𝜵
1
𝑟� 𝑑𝑥𝑑𝑦𝑑𝑧 

where 𝜵𝑉 is the spatial gradient of the membrane voltage and 𝑟 = [(𝑥 − 𝑥p)6 + (𝑦 − 𝑦)6 +

(𝑦 − 𝑦′)6]Z/6 represents the distance from a source point (x,y,z) to a field point (x’,y’,z’), with 

the integral performed over all heart cells.  



 177 

For the human ventricle simulations, we calculated a pseudo-ECG for V1 to V6 (see Fig.5-S3 for 

lead placement). A bandpass filter of 0.1-150 Hz was applied to each recording.  

 

Figure 5-S3. Lead placement for pseudo-ECG computation. 

 

Visualization methods 

Single cell, 1D, and 2D results were visualized in Python using the Matplotlib library 11. ECGs 

were also plotted in Python using the Matplotlib library. Anatomical heart results were 

visualized in 3D using the VisIt software tool (Lawrence Livermore National Laboratory) 12.  
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Online Movie Captions 

Online Movie 5-1. Spontaneous initiation of arrhythmia in LQT2. Three view movie including 

ventricle voltage maps (left), wavefronts (colored red, middle), and Purkinje network voltage 

maps (right). The ECG strip and time marker are shown below. PCa ramp protocol simulation 

with PCa,H = 2.8 µm/s (corresponding to the 6th ECG trace in Fig.5-2).  

Online Movie 5-2. 2D simulation of spontaneous focal arrhythmias from the R-from-T 

mechanism. Voltage map from the 2D tissue corresponding to Fig.5-3D. 

Online Movie 5-3. 2D simulation of spontaneous reentrant arrhythmias from the R-from-T 

mechanism. Voltage map from the 2D tissue corresponding to Fig.5-3E.  

Online Movie 5-4. Spontaneous initiation of arrhythmia in LQT3. Three view movie including 

ventricle voltage maps (left), wavefronts (colored red, middle), and Purkinje network voltage 

maps (right). The ECG strip and time marker are shown below. PCa ramp protocol simulation 

with PCa,H = 3.2 µm/s (corresponding to the 6th ECG trace in Fig.5-4). 

Online Movie 5-5. Spontaneous initiation of arrhythmia in LQT1. Three view movie including 

ventricle voltage maps (left), wavefronts (colored red, middle), and Purkinje network voltage 

maps (right). The ECG strip and time marker are shown below. PCa ramp protocol simulation 

with PCa,H = 3.1 µm/s at 60 bpm (corresponding to the 4th ECG trace in Fig.5-5). 
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Chapter 6: Conclusion 
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Cardiac arrhythmias and sudden cardiac death remain a leading cause of death in the U.S. and 

worldwide, with the over 80% of SCD caused by ventricular tachyarrhythmias. Although our 

understanding of spiral wave dynamics and arrhythmia maintenance and transitions 

mechanisms have greatly improved over the last few decades, the implantable cardioverter-

defibrillator still remains the most reliable intervention for the prevention of SCD in those 

without a clearly identifiable ablation target, despite the adverse side effects and cost 

inefficiency. The basic principles behind the ICD are virtually unchanged from when the 

phenomenon of defibrillation was discovered over 100 years ago, and it remains a purely 

reactive intervention to terminate existing arrhythmias, crudely resetting the entire heart 

before too much damage is done. The ideal goal of arrhythmia therapy is to prevent the 

arrhythmia from initiating in the first place instead. The work presented in this dissertation 

represents our efforts to better understand the mechanisms underpinning the initiation 

process in spontaneous arrhythmias, at multiple scales of cardiac electrophysiology, in order to 

provide a basis for future anti-arrhythmic strategies.  

Arrhythmogenic triggers and substrates: beyond the traditional paradigm 

The trigger and substrate paradigm of reentrant arrhythmia initiation has been a useful 

framework for evaluating arrhythmia risk under different conditions. However, it has not 

always led to the correct conclusion, such as the failure of sodium channel blockers in CAST 

with increased mortality despite a reduction in triggers. Therefore, it is important to examine 

both triggers and substrates in multiple contexts and to also evaluate them as non-independent 

entities to accurately determine their arrhythmogenic potential.  
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In Chapter 2, we revealed a novel understanding of the threshold for DAD-mediated triggered 

activity. In normokalemic conditions, the voltage threshold for TA was observed to be at the 

sodium channel threshold around -60 mV as expected. In hypokalemia however, not only the 

voltage threshold but also the calcium release threshold were found to be much lower. Thus, 

despite having the resting membrane potential be hyperpolarized and further away from the 

sodium channel threshold, in hypokalemia it was easier to elicit a TA. Using non-linear dynamics 

and nullcline analysis, we demonstrated that this dynamical threshold arose from the interplay 

between IK1 and INCX with a “cusp-catastrophe” determining both the calcium and voltage 

threshold for TA. This effect had previously been masked because it only manifests if the 

system is given enough time to approach steady-state. While most stimulation pacing 

experiments are performed with very short stimuli, the relatively slow Ca2+ release over 

hundreds of milliseconds during a DAD allows the phenomenon to occur, thus highlighting the 

importance to study arrhythmia triggers in a broad context. 

Chapter 3 also investigates the factors that influence the ability for DADs to generate triggers at 

the cardiac tissue level. In this study, we experimentally measured multiple DAD properties 

including DAD amplitude, width, and latency at different calcium loads using patch clamp and 

calcium imaging. These properties were then characterized and the used as inputs into a 

cardiac tissue model, and the different factors of amplitude, width, and latency distribution 

were systematically analyzed in simulation to determine their individual effects on TA 

generation. We found that among all the factors, latency distribution and calcium load were by 

far the most important, and that surprisingly gap junction conductance played a relatively 

minor role, pinpointing the critical factors needed for DADs to produce triggers in tissue.  
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Chapter 4, on the other hand, investigated whether DADs could also play the role of an 

arrhythmogenic substrate instead. DADs until now have traditionally been considered only as 

potential triggers in arrhythmogenesis, with the possibility of causing focal arrhythmias with 

repetitive firings or reentry if it encountered a different appropriate substrate. To this end, 

previous work including ours in Chapter 2 focused mainly on whether the DADs would be 

sufficiently large enough, i.e. super-threshold, to trigger an AP. In this chapter, we 

demonstrated instead that sub-threshold DADs still can play an important role, acting as an 

arrhythmogenic substrate due to the partial inactivation of sodium channels when the 

membrane voltage is raised to near but under -60 mV. When an external trigger PVC 

encounters a region of subthreshold DADs with a certain coupling interval, they can cause 

unidirectional conduction block and initiate reentry.  

This study then takes this concept one step further: since super-threshold DADs can produce 

triggers and sub-threshold DADs can act as a substrate, could DADs act as both trigger and 

substrate simultaneously? Indeed, we demonstrate that a region of random DADs with no 

external triggers can spontaneous generate a reentrant arrhythmia by itself, a phenomenon 

that is exacerbated with sodium channel blockade. We then relate this fact to the paradoxical 

results of CAST, where while sodium channel blockers can convert benign PVCs into dangerous 

reentry by changing super-threshold DADs into a sub-threshold DAD substrate. This chapter 

adds an important conceptually novel contribution to the field, where the arrhythmogenic 

trigger and substrate can simultaneously both arise from the same source, and therefore must 

be treated together instead of independently.  
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Finally, in Chapter 5 we used whole heart modeling to investigate arrhythmogenesis in different 

genotypes of LQTS. We found that while different subtypes of LQTS can manifest with different 

ECG patterns before PVT, they all initiated arrhythmias through a common mechanism which 

we call “R-from-T”. We highlight the differences between the classical explanation of LQTS 

arrhythmogenesis which we call “R-to-T” in which the R-wave trigger and T-wave function 

substrate randomly meet as consistent with the traditional paradigm, and this novel R-from-T 

mechanism where the R-wave arises from the T-wave itself, and can immediately evolve into a 

focal or reentrant arrhythmia without the need for an additional substrate for reentry. The R-

from-T excitation itself is caused by the same instability as the subsequent arrhythmias, thus 

can be considered as just the shortest possible run of a PVT that self-terminates after a single 

rotation. In this sense, the traditional notions of a distinct trigger and substrate are blurred with 

no clear distinction in the R-from-T mechanism and cannot be targeted separately.  

Improved mechanistic understanding informs future anti-arrhythmic therapy 

Preventing arrhythmogenesis will always be a preferred strategy if possible compared to 

terminating existing arrhythmias with an ICD after the fact.  Our work here demonstrates the 

power of computational modeling used in conjunction with experimental validation to elucidate 

the conditions and mechanisms governing arrhythmogenesis in DAD-mediated arrhythmias and 

LQTS. With this new understanding, we are able to identify the critical factors required for 

arrhythmia initiation and use this information to propose new anti-arrhythmic targets to 

pursue. In the case of DADs, it is clear that suppressing super-threshold DAD triggers is 

insufficient, and the formation of Ca2+ waves themselves must be targeted to avoid the 

potential arrhythmogenic effect of sub-threshold DADs as well. For LQTS, understanding that 
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the common R-from-T mechanism applies across different genotypes allows us to devise a 

unified therapeutic strategy for arrhythmia prevention in LQTS by targeting critical ICa,L 

properties. Without this framework, this strategy would be otherwise unintuitive as we 

propose treating an IKs, an IKr, and an INaL mutation all using a single intervention in ICa,L window 

current. In this manner, the novel mechanistic insights obtained from these studies inform the 

development of future anti-arrhythmic therapies. 




