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identified a heterogeneous spatial distribution of reentrant pathways that correlated with 

the spatial distribution of cell activation frequencies. Third, we investigated the impact of 

topological and geometrical substrate alterations on the dynamics of MWR. We 

demonstrated a multi-phasic relationship between obstacle size and the fate of individual 

episodes. Notably, for a narrow range of sizes, obstacles appeared to play an active role 

in rapidly converting MWR to stable structural reentry. Our studies indicate that 

reentrant-pathway distributions are non-uniform in heterogeneous media (such as the 

atrial myocardium) and suggest a clinically measurable correlate for identifying regions 

of high circuit density, supporting the feasibility of patient-specific targeted ablation. 

Moreover, we have elucidated the key mechanisms of interaction between focal obstacles 

and MWR, which has implications for the use of spot ablation to treat AF as some recent 

studies have suggested. 
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terms of physically meaningful parameters as well as computationally optimized 

parameters. 

1.2.2 Aim 2: Investigate the substrate conditions favorable to the spontaneous initiation 

of reentrant propagation 

The substrate requirement for reentrant propagation is well known: the presence of 

at least one circuit whose path length exceeds the WL of the tissue20, be this circuit 

structurally defined or functionally emergent. However, reentrant propagation also 

requires a triggering mechanism. This mechanism is unidirectional block in structural 

circuits110 and wave break in functional ones111. It has remained unclear how substrate 

properties and structure interact to cause chronic arrhythmia in some patients and not in 

others. We investigate the susceptibility to reentry of a single structural circuit over a 

wide range of temporally varying electrical properties. This work leads to a natural 

understanding of electrical heart disease as a phenomenon we term dynamic entrapment 

in a complex nonlinear system. In chapter 4, we demonstrate this phenomenon in the 

context of structurally defined reentrant propagation and discuss its impact on diagnosis 

and treatment strategies as well as its relevance to complex MWR. 

1.2.3 Aim 3: Elucidate the impact of focal lesions or obstacles on the dynamics of 

multi-wavelet reentry 

There is a clinical relationship between atrial tachycardia (AT), in which the atria 

contract periodically, and AF, in which they do so aperiodically. However, the 

mechanistic relationship is unclear. Inter-conversion between the two has been mapped in 
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dogs112 and observed in humans113. Moreover, AF often organizes into AT during 

RFA114, after which AT is a common recurrence115. In chapter 5, we investigate the 

relationship between focal obstacles, which create a substrate for AT, and MWR. 
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Action potential morphology also varies across regions of the myocardium. For 

example, pacemaker cells in the sinoatrial node typically exhibit triangular action 

potentials, while those of the atrial and ventricular tissue have sharper upstrokes and 

more pronounced plateaus. In figure 2.6 we plot the activation time course of two cells 

with different programmed parameters, each in the center of homogeneous tissue with the 

same properties. On the left, we plot the time course of a cell with a triangular action 

potential similar to those seen in the sinoatrial node. On the right, we demonstrate a cell 

with a rapid upstroke, a significant plateau phase, and a prolonged repolarization similar 

to cells found in the ventricles. Action potential morphology plays an important role in 

tissue excitability and CV and may therefore impact the dynamics of emergent patterns of 

propagation. 
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ion channel kinetics. The overall effect, however, is that action potentials shorten and 

conduction velocities decrease in response to rapid activation according to some 

nonlinear curves. When represented in terms of simple rules, the result is the same: 

nonlinear restitution can cause the development of action potential alternans and 

contribute to wave-break, effects which are seen in both detailed ionic models as well as 

our cellular automaton. 

The intended use of this model is to study the impact of various ablation patterns on 

the dynamics of MWR. Performing such studies using detailed ionic models, or even 

minimalistic differential equations models, is overkill for the task. They can obscure the 

important details which are critical to understanding the question at hand. Certainly there 

is value to validating the results produced by a simpler model on a more detailed model, 

but the first course of action should be using a model which abstracts the details in order 

to gain a general understanding of the important factors. 

The model described here is capable of reproducing realistic whole-heart 

propagation, including sinus rhythm and most, if not all, known arrhythmias. The low 

computational burden enables for near real-time simulation of these rhythms, opening the 

door for user-interaction. This may enable, for example, virtual training of clinical staff 

by not only providing a visual understanding of cardiac propagation, but by enabling 

simulation of clinical procedures, such as entrainment mapping and ablation. 
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topologic alterations caused by ablation lesions. In contrast to differential equations based 

models which are currently employed to address these questions, the model presented 

here permits exploration of a vast solution space in a reasonable timeframe.   
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In the system shown in figure 3.1, we demonstrated four distinct behaviors (figure 

3.3), two of which are healthy behaviors (sinus rhythm) and two of which are unhealthy 

behaviors/disease (reentry). These stable behaviors each correspond to an underlying 

attractor basin in the phase diagram of the system, which is determined by the structure of 

the tissue and the specific parameter values of its excitable components. As parameters 

are varied, the landscape of the phase diagram changes. Even in the simplified system 

studied here, which contains only two possible pathways compared to the numerous ones 

present in the human heart, multiple attractors can co-exist for a given parameter range 

(e.g. region 2 in figure 3.4 and figure 3.5b), and therefore the system is capable of many 

behaviors without any structural alterations. Transient shifts in tissue parameters, which 

may result from nervous inputs for example, are capable of driving the system from sinus 

rhythm to reentry by inducing temporary block in a susceptible region of the circuit 

(figure 3.6). Alternatively, an appropriately timed ectopic depolarization can convert 

sinus rhythm to reentry by blocking in only one limb of the circuit (figure 3.7). The latter 

mechanism in particular correlates strongly with clinical observation; premature atrial 

complexes are a common trigger for initiating reentry in humans, e.g. 12,149. 

Dynamic entrapment does not imply that there are no differences between a healthy 

or diseased system, which is a separate distinction from a system exhibiting healthy or 

diseased behavior. A healthy system, in this context, may be thought of as one which is 

less prone to dynamic entrapment and/or more easily escapes a disease attractor once 

entrapped. For example, the system considered in the present study becomes more 

susceptible to dynamic entrapment (when in region 2) the farther it gets from the 
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boundary with region 1 (table 3.1). One might consider this as a simple model of disease 

progression, where symptoms worsen as a result of increased susceptibility to 

entrapment. In real electrophysiology, it is known that sustained tachycardia triggers 

electrical remodeling processes that, among other things, shorten WL and decrease 

CV137. Such remodeling is analogous to our system migrating away from the boundary 

with region 1 (while in region 2), which corresponds to an increase in susceptibility to 

dynamic entrapment. 

Two ways of treating dynamic entrapment are 1) to alter the system parameters or 

structure such that the aberrant attractors have a reduced (or eliminated) basin of 

attraction, and 2) to persistently push the system back into the healthy attractor when it 

gets stuck elsewhere. In the latter case, the specific mechanism by which the system is 

pushed back into the desired basin of attraction is not necessarily the same as the one that 

pushed it away to begin with. Interestingly, both approaches are used clinically to treat 

cardiac arrhythmias. Many anti-arrhythmic drugs, for example, prolong WL 150,151; in our 

model, this can push the system into region 1 and thus eliminate the CCWR attractor. 

Alternatively, (non-conducting) scar tissue can be created with catheter ablation, to, for 

example, physically eliminate conduction through the wedge in our model. This results in 

a system where only sinus rhythm is supported. These two therapies thus entail altering 

the structure of the system reversibly (anti-arrhythmic drugs) or permanently (catheter 

ablation). Another approach to therapy is the use of defibrillators or anti-tachycardia 

pacing to convert reentry to sinus rhythm. This simply shifts between attractors but does 
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algorithm is in theory capable of detecting spontaneous activity and distinguishing 

continuous propagation of a stable spiral wave from the fibrillatory waves which are 

destined to terminate.  

4.5.5 Conclusions 

We have demonstrated an automated algorithm for analyzing the spatiotemporal 

dynamics of continuous propagation sustained by multiple wavelets. With it, we have 

demonstrated the co-localization of wave-breaking events and diseased myocardium with 

shortened WL and increased heterogeneity. Finally, we have also demonstrated a spatial 

correlation between tissue activation frequency and the pathways of reentrant propagation 

in a particular case suggesting a potential clinical target for catheter ablation therapy and 

an avenue for future investigation. 
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5 CONVERSION OF MULTI-WAVELET REENTRY IN THE PRESENCE OF 

ISLAND OBSTACLES 

5.1 Abstract 

Objective: We seek to elucidate the impact of various topologic interruptions on the 

dynamics of chaotic multi-wavelet propagation in order to study focal ablation in the 

treatment of AF. 

Methods: We used four square tissues with APDs and conduction velocities 

spanning the physiologic range and chosen to produce chaotic continuous propagation 

with varying degrees of complexity. We initiated chaotic propagation by rapid pacing. 

Immediately following the pacing protocol, we applied a circular lesion to the center of 

each tissue. This was repeated many times for each tissue and using many different 

obstacle sizes. Each simulation progressed until the tissue either returned to quiescence or 

the MWR organized into structural reentry around the center obstacle. 

Results: There existed three regimes of lesion size. In the smallest regime, the 

obstacles were too small to interact with the chaotic propagation. They had no impact on 

episode duration, nor were they able to sustain stable anchored rotation. In the next size 

regime, lesions had a strong affinity for anchoring waves. Moreover, sharp decreases in 

the fraction of quiescent outcomes and the average lifetime suggest an active mechanism 

converting the chaotic propagation into organized structural reentry. In the largest 

regime, obstacles only had a passive impact on the dynamics of chaotic propagation by 

altering the geometry and topology of the tissue. In the middle regime, we found multiple 
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decreased. The prominence of the peak also decreased with increasing resistance and 

decreasing APD, suggesting that the mechanism for its appearance is dependent on WL 

and/or excitability. The conversion fraction exhibited a secondary deflection at lesion 

radii of 7-8 units. These were most prominent in the high resistance cases and 

corresponded to peaks in the fraction of conversion with two or three anchored waves 

(figure 5.1, right). Finally, as lesion size continued to increase (beyond radii of 8-10 units 

in the high resistance cases and 6 units in the low resistance cases), the conversion 

fraction increased along a shallow linear curve (up to 50-70% for 20 unit radius). The 

slope of this curve appeared similar across tissues while the intercept differed. This 

indicated that the rate of conversion of MWR in the presence of large lesions is 

dependent on both lesion size and tissue properties, likely in relation to one another. 

To investigate the mechanism underlying the sharp peak in conversion fraction, we 

calculated the average cycle length of activation in the center region of each tissue (where 

APD is shortest) during MWR with no lesion and compared this value to the cycle 

lengths of single waves anchored to small lesions (figure 5.2). In each tissue, the highest 

conversion rate occurred when the cycle length of the anchored wave was closest to the 

average cycle length of MWR. We note that these cycle lengths in fact do not represent 

the shortest ones supported by each tissue. Cells excited by MWR are activated 

chaotically, many times at faster or slower rates than the average. By visual inspection, 

we confirmed that anchored waves going at the same rate exhibited (relatively small) 

excitable gaps. Our sampling of lesion sizes did not include smaller lesions capable of 

anchoring at faster cycle lengths. This notion is confirmed by the occurrence of the 
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ended. We found two mechanisms by which waves become detached from an obstacle 

once anchored (figures 5.3 and 5.4). In both cases, the mechanism of detachment 

involves anchoring of a new wave traveling opposite in direction to the original wave. 

When two such waves collide, they fuse and travel off the obstacle. In one scenario 

(figure 5.3), an extraneous wave is guided to the lesion by colliding with the refractory 

tail of the anchored wave. It travels toward the lesion along the line of refractory tissue 

(conduction block) created by the latter. The new wave then anchors to the lesion, fuses 

with the previously anchored (and opposing) wave-front, and detaches. In the other 

scenario (figure 5.4), an extraneous wave becomes anchored by direct collision with the 

lesion itself in the excitable gap of the anchored wave. Upon collision, two newly 

anchored waves are formed: one traveling opposite the original anchored wave, and one 

traveling in the same direction. The first of these waves (traveling opposite the anchored 

wave) fuses with the original wave and drives it off the lesion. Due to the proximity of 

the wave-lesion collision to the refractory tail of the originally anchored wave, the second 

wave propagates into a wall of refractory tissue and is driven off the obstacle as well. We 

noted many similar wave-lesion collisions occurring in the simulations but farther away 

from the refractory tail. In these cases, the second wave remained anchored and no net 

detachment event occurred. 


























































































