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Abstract

Dynamical chaos, an irregular behavior of deterministic systems, has been widely shown in nature.
It also has been demonstrated in cardiac myocytes in many studies, including rapid pacing induced
irregular beat-to-beat action potential alterations and slow pacing induced irregular early
afterdepolarizations, etc. Here we review the roles of chaos in the genesis of cardiac arrhythmias,
the transition to ventricular fibrillation, and the spontaneous termination of fibrillation, based on
evidence from computer simulation of mathematical models and experiments of animal models.
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1. Introduction

Ventricular fibrillation (VF) is the leading cause of sudden cardiac death, the No.1 killer in
the industrialized countries (Lopshire and Zipes, 2006; Zipes and Wellens, 1998).
Understanding the underlying mechanisms is undoubtedly necessary for developing
effective therapies.

The occurrence of cardiac arrhythmias depends on two necessary components: triggers and
tissue substrates. Arrhythmias can be maintained by one or more foci, or by reentry, or by a
mixture of both (Janse, 2007; Waldo and Wit, 1993; Wu et al., 2004). Reentry can be
initiated when a trigger, such as a premature ventricular complex (PVC), encounters a region
of prolonged refractory period and/or slowed conduction (Chen et al., 1988; Winfree, 1983).
Tissue substrates refer to heterogeneous spatial properties (e.g., refractory periods,
intracellular calcium transients, or conduction properties, etc) that allow foci or reentry to
form locally. Traditionally, both triggers and substrates are considered to be promoted by
pre-existing tissue heterogeneities, the intrinsic electrophysiological and structural
differences in space which are often exacerbated in diseased hearts (Akar and Rosenbaum,
2003; El-Sherif et al., 1991; Janse and Wit, 1989; Restivo et al., 1990). PVCs occur
occasionally in normal hearts and much more frequently in diseased hearts, but most of them
are benign. Only few of them may result in lethal arrhythmias (Glass, 2005; Lerma et al.,
2007), raising a question: why are those PVCs so special? An answer to this question is that
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either the triggers or the substrates or both are dynamic, and only when a proper trigger
encounters a proper substrate, reentry forms. Many dynamical factors that lead to reentry
substrates have been identified (Otani et al., 2005; Qu and Weiss, 2006; Weiss et al., 2006;
Weiss et al., 2005). Examples are electrical restitution and intracellular calcium cycling
causing spatially discordant repolarization alternans (Cao et al., 1999; Pastore et al., 1999;
Qu et al., 2000a; Weiss et al., 2006) and PVCs causing repolarization gradients due to
electrical restitution (Akar et al., 2002; Antzelevitch et al., 1991; Comtois et al., 2005;
Laurita et al., 1996; Otani, 2007; Qu et al., 2006a; Qu et al., 2006b; Restivo et al., 2004). In
recent studies (Sato et al., 2009; Xie et al., 2007), we identified a novel dynamics, chaos and
chaos synchronization, which can cause both arrhythmia triggers and substrates to occur
dynamically in both time and space.

Once a reentry or a focus forms in cardiac tissue, it may stay intact to manifest ventricular
tachycardia (VT). But it may decay into multiple wavelets, manifesting VF. Two major
hypotheses of VF have been proposed and validated experimentally in animal models: the
mother rotor hypothesis and the multiple wavelets hypothesis. In mother rotor hypothesis
(Chen et al., 2003; Jalife et al., 2002), pre-existing heterogeneities (dispersion of
refractoriness) cause fibrillatory conduction block of waves from a stable high frequency
focal source or a rotor, accounting for the multiple wavelets observed during fibrillation. In
the multiple wavelet hypothesis (Moe, 1982; Moe et al., 1964), however, pre-existing
heterogeneities are not necessary, since fibrillation is maintained by spontaneous spiral wave
breakup due to dynamical instabilities. Modeling studies (Bar and Eiswirth, 1993; Fenton et
al., 2002; Panfilov and Holden, 1991; Qu et al., 2000b; Qu et al., 2000c) have shown that
spiral wave breakup is a transition to spatiotemporal chaos.

Arrhythmias can terminate spontaneously, frequently in atria or small hearts but only
occasionally in large ventricles (Clayton et al., 1993; Wijffels et al., 1995). Anti-arrhythmic
drugs can terminate ventricular fibrillation and are fairly effective at terminating atrial
fibrillation (Manoach et al., 1987; Naccarelli et al., 2003). The formation and maintenance
of arrhythmias depends on tissue size and form, as observed in 1914 by Garrey (Garrey,
1914), the earliest experimental basis for the well-known “critical mass hypothesis.” Based
on this hypothesis, prolonging the refractory period (thus wavelength) effectively reduces
the tissue size, which can promote termination of arrhythmias. Using computer simulations
(Qu, 2006; Qu and Weiss, 2005), however, we showed that besides wavelength, dynamical
instabilities, such as chaos, played an important role in terminating arrhythmias.

In this article, we review the roles of chaos in the genesis of arrhythmias, the degeneration
of VT to VF, and the termination of VF, based on evidence from computer simulation of
mathematical models and experiments of animal models.

2. Dynamical chaos

Chaos is a complicated behavior arising from deterministic nonlinear systems under certain
parameter settings, which looks erratic and random. It can be generated from very simple
systems. Such a text book example is the so-called Logistic map, a difference equation
describing population dynamics of ecosystems (May, 1976), i.e.,

1= f(xn)=axy, - J{i\‘:—r (1

where x, is the population of the present generation, x,,, is the population of the next
generation, o and [ are the two parameters determining the behaviors of the system. The
function f(x,) in Eq.1 includes two terms: the first term is the total number of births and the
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second term is the total number of deaths. In general, the competition between births and
deaths settles the system at an equilibrium state. However, this is not always the case due to
the nonlinear term in Eq.1, and very complicated behaviors can emerge. To simplify the
analysis of Eq.1, we assume Pf=a, then Eq.1 becomes:

Xpe1=f(xXp)=ax,(1 = x) (2)

which is the canonical form of the Logistic map (May, 1976; Strogatz, 2000). f(x,) in Eq.1
or Eq.2 is a parabolic function (Fig.1A). The equilibrium states of Eq.2 are the solutions of
the equation x,=f(x,), which are simply the intersections of the parabola and the diagonal
line as shown in Fig.1A. The behaviors of Eq.2 are summarized in the bifurcation diagram
shown in Fig.1B, in which the values of x;, versus the parameter o are plotted after the initial
transients are dropped. When a<3, the non-zero equilibrium state is stable, and the system
always approaches this equilibrium state with any initial conditions (Fig.1C). However, as o
increases to be just bigger than 3, the equilibrium state becomes unstable (dashed line in Fig.
1B), a new type of behavior emerges, which exhibits a large-small-large-small alternating
pattern (Fig.1D). As a increases further, more complex behaviors occur, and eventually x,
behaves in a non-periodic manner (Fig.1E), which is dynamical chaos.

Chaos is qualitatively different from the periodic behaviors, not only due to its erratic
appearance but also due to its sensitivity to initial perturbations. For example, the two
chaotic traces shown in Fig.1E are results from two different initial conditions: x;=0.2 and
x1=0.20001. Although the initial difference is only 1072, it gets amplified after about 10
iterations to the macroscopic scale that makes the two iteration sequences to look completely
different. This property is the hallmark of chaos: sensitive dependence on initial condition,
also called the “butterfly effect”, a metaphor was first used by Lorenz in one of his talks on
weather dynamics entitled (Hilborn, 2004;Lorenz, 1994): “Does the flap of a butterfly’s
wings in Brazil set off a tornado in Texas?”

3. Cardiac chaos

Chaos has been shown in cardiac myocytes in many experimental (Chialvo et al., 1990a;
Garfinkel et al., 1992; Guevara et al., 1981; Watanabe et al., 1995) and modeling (Chialvo et
al., 1990b; Guevara and Glass, 1982; Lewis and Guevara, 1990; Qu et al., 2007) studies.
Figure 2A shows a bifurcation diagram obtained from cardiac Purkinje fibers in experiments
by Chialvo et al (Chialvo et al., 1990a), showing that as the basic or pacing cycle length
(PCL) decreases, the action potential behaviors become more and more complex, including
alternans (a long-short-long-short alternating pattern of action potential duration (APD)) and
irregular dynamics (ID) (Fig.2B). Note that the bifurcation diagram obtained experimentally
resembles the bifurcation diagram shown in Fig.1B. Indeed, the bifurcation in Fig.2A can be
recapitulated using an iterated map as Eqs.1 and 2, formulated using the APD restitution
curve (Franz et al., 1988; Goldhaber et al., 2005; Koller et al., 1998; Watanabe et al., 1995),
i.e., the dependence of APD on its previous DI, as follows:

APD,.1=f(DI,)=f(PCL — APD,) 3)

where PCL is the pacing cycle length satisfying PCL=APD,+DI,,. This type of iterated map
was first used by Nolasco and Dahlen (Nolasco and Dahlen, 1968) 40 years ago to
investigate the mechanism of alternans observed in strips of in vitro frog ventricular muscle
subjected to electrical stimulation. They showed that when the slope of the APD restitution
curve exceeded 1, periodic beating gave way to APD alternans. Later studies (Chialvo et al.,
1990a; Guevara et al., 1984; Hastings et al., 2000; Lewis and Guevara, 1990; Qu, 2004; Qu
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et al., 2007; Xie et al., 2007) showed that, in addition to alternans, more complex dynamics
could be elicited by periodic pacing. Fig.2C shows a bifurcation diagram obtained by
iterating Eq.3 with f(DI,,) = 220 — 180 PIn/%0_ in which the bifurcation sequence is 1:1 —
2:2 — 2:1 — 4:2 — ID (chaos) — 4:1 — 8:2 — ID (chaos) as PCL decreases. This is very
similar to the bifurcation sequence obtained in experiments in cardiac Purkinje fibers shown
in Fig.2A, whichis 1:1 — 2:2 —» 2:1 - 4:2 — 3:1 — 6:2 — 4:1 — 8:2 — ID. Similar
bifurcation sequences have been observed in simulations of action potential models (Fig.2D)
(Hastings et al., 2000; Lewis and Guevara, 1990; Qu, 2004; Xie et al., 2007). Other
bifurcation sequences and mechanisms of chaos in cardiac myocytes have also been
demonstrated, such as the period-doubling bifurcation route to chaos (Guevara and Glass,
1982; Watanabe et al., 1995).

In recent studies (Sato et al., 2009; Tran et al., 2009), we have demonstrated another type of
chaos in cardiac myocytes, i.e., chaotic early afterdepolarizations (EADs). Irregular behavior
of EADs has been widely observed in single myocytes in experimental studies (Gilmour and
Moise, 1996; Li et al., 2002; Song et al., 1992), which has been generally attributed to
random fluctuations of underlying ion channels (Tanskanen et al., 2005). Using both
computational simulations and experiments of isolated myocytes, we have shown that this
irregularity is dynamical chaos. Figure 3 compares the experimental recordings of voltage
and the APD bifurcation diagram (Fig.3A) with those from the computer simulations (Fig.
3B). The bifurcation diagrams are similar, i.e., irregular behaviors of EADs only occur at the
intermediate PCLs, at either slow or rapid pacing, the action potentials are regular. Since the
computational model (Mahajan et al., 2008; Sato et al., 2009) is completely deterministic, no
random fluctuations exist, the irregular behavior is simply dynamical chaos. However,
random fluctuations in ion channels or heart rates, which naturally exist in the heart, may
play important roles for the irregularly appearing EADs (Kim et al., 2009; Sato et al., 2010;
Tanskanen et al., 2005).

4. Chaos synchronization and cardiac arrhythmogenesis

Chaos synchronization

Due to the butterfly effect, two uncoupled identical chaotic systems look completely
different and are uncorrelated (Fig.1E). However, when the two chaotic systems are
coupled, they can be completely synchronized though the individual ones are still chaotic,
which is called chaos synchronization (Pecora and Carroll, 1990;Pecora et al., 1997). Figure
4 shows chaos synchronization in two identical Logistic maps coupled diffusively, i.e.,

X1 =4x (1 = xp)+&Qvy — xy)
Vs 1=4yn(1 = yp)+e(x, — yu) (4)

where ¢ is the coupling strength. When &=0, the two systems are uncoupled and independent,
and behave completely different even though the initial conditions are just slightly different
(see Fig.1E). When the coupling is weak (¢=0.2), the two systems still go apart and become
uncorrelated (Fig.4A). However, when the coupling is strong (¢=0.3), the two systems
synchronize even though the initial conditions differ largely (Fig.4B). Note that after
synchronization, the coupled system is still chaotic. This phenomenon can be generally
understood as follows. The diffusive coupling tends to reduce the difference between the
two systems, however, the “butterfly effect” of chaos tends to amplify the difference.
Therefore, if the coupling is strong enough, the smoothing effect of coupling wins over the
amplifying effect of chaos, the two systems maintain synchronized, otherwise
synchronization fails.
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Chaos synchronization in cardiac tissue and the genesis of cardiac arrhythmias

Cardiac myocytes are diffusively coupled through gap junction conductance. When the
myocytes are paced simultaneously with periodic stimulation, they are always synchronized
when the action potential dynamics are not chaotic (Wang et al., 2007; Xie et al., 2007).
When they are driven into chaos, they can be either synchronized or dyssynchronized,
depending on the gap junction conductance or tissue size (Sato et al., 2009; Xie et al., 2007).
For a fixed gap junction conductance, synchronization can only occur when the number of
cells or tissue size is below a critical value (Fig.5A). When the tissue size exceeds the
critical value, synchronization cannot be maintained, leading to regions of long action
potential bordering with regions of short action potential (Fig.5B). On the other hand, for a
fixed tissue size, if the gap junction conductance is large enough, all the myocytes can keep
synchronized while the action potential dynamics of the individual myocytes maintain
chaotic. If the gap junction conductance is small, the myocytes become asynchronous.

When complete synchronization fails due to a large tissue size or a weak gap junction
coupling, the consequence is that large gradients of refractoriness develop, irrespective to
the causes of chaos. In other words, dispersion of refractoriness occurs for either rapid
pacing-induced chaos (Fig.5B) or slow pacing-induced EAD chaos (Figs.5C and D). In 2D
and 3D tissue, islands of long APD neighboring with short APD regions develop.

In the case of rapid pacing induced chaos, reentry can be induced in homogeneous tissue
without requiring pre-existing heterogeneities and additional triggers (Fig.6) (Xie et al.,
2007). In the case of slow pacing-induced EAD chaos, both triggers and substrates are
simultaneously generated by the same dynamical mechanism, and reentry develops
spontaneously without any requirement for pre-existing tissue heterogeneities (Sato et al.,
2009).

When the magnitude of EADs is small, they cannot propagate in tissue, so that partial
regional chaos synchronization only results in dispersion of refractoriness. When the EAD
magnitude is large enough so that it can propagate, partial regional synchronization of chaos
gives rise to localized EADs which propagate as PVCs into adjacent recovered regions. This
is illustrated in Fig.7A, in which a paced 1D cable develops a localized PVC near the middle
of the cable after the last pacing beat, which propagates towards both ends of the cable. If
the homogeneous cable is longer, multiple PVCs can form in the cable, maintaining the
electrical activities in the cable for a longer time after the stimulation is stopped (Fig.7B).
The duration of the activities depends on the length of the cable, and can be prolonged if the
cable length is further increased. In a homogeneous 2D tissue (Fig.7C), multiple foci
develop spontaneously after several pacing beats, varying both in time and location, similar
to the 1D cable. The mechanism is as follows: an EAD-triggered PVC due to partial regional
chaos synchronization at one location propagates into recovered cells in an adjacent region,
where it induces a new EAD-mediated PVC in that region. This new PVC propagates into
less recovered adjacent tissue, generating an EAD-mediated PVC in this new region, and so
forth. This leads to spontaneous formation of multiple foci which vary dynamically in time
and space. This same phenomenon can be simulated in an anatomical model of rabbit
ventricle. Two episodes of multiple shifting foci are shown in Fig.8A, manifesting as
polymorphic VT on the pseudo-electrocardiogram (Fig.8B). Similar behaviors have been
shown in intact rabbit hearts exposed to 0.2—1 mM H,O, (Figs.8C and D), and in drug-
induced long QT models (Asano et al., 1997;Choi et al., 2002).

5. Spatiotemporal chaos due to spiral wave breakup resembling VF

As shown in experiments (Chen et al., 1988; Hwang et al., 1996), once a single or a figure-
of-eight reentry is induced, it usually lasts for a few beats and then degenerates into multiple
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wavelets VF. Computer simulation studies (Qu et al., 1999; Qu et al., 2000c) have shown
that APD restitution is a critical parameter that controls the stability of the spiral wave
reentry. Namely, when APD restitution is flat, the spiral wave is stable (Fig.9A), and as
APD restitution becomes steeper, the spiral wave meanders yet remains intact (Figs.9B and
C). These spiral wave behaviors resemble either monomorphic or polymorphic VT (Qu and
Garfinkel, 2004). When APD restitution becomes even steeper, the spiral wave becomes
unstable and breaks up spontaneously into multiple small reentrant waves (Fig.9D), which
resembles fibrillation. Note that the computer simulations shown in Fig.9 are performed in
completely homogeneous tissue models, yet a large dispersion of refractoriness is resulted
purely from the dynamical instability of the spiral waves. In this case, spiral waves are
constantly created and disappear in an irregular or chaotic manner. The transitions from
stable spiral wave to meandering spiral wave, and to spiral wave breakup are transitions
from a periodic behavior to a quasiperiodic behavior, and to chaos (Fig.9E). The genesis of
wavebreaks and irregular dynamics is similar to the n:m block and irregular dynamics in the
isolated cell as shown in Fig.2. Many recent experimental studies (Garfinkel et al., 2000;
Riccio et al., 1999; Wu et al., 2002) have shown that pharmacological agents that reduce the
slope of APD restitution convert fibrillation into tachycardia, supporting the theory
developed through computer modeling studies. Figure 10 shows an example of experiments
by Wu el al (Wu et al., 2002), in which calcium channel blocker D600 is used to change
APD restitution properties (Fig.10A) and converts VF to VT, and then VT to VF after
washout (Fig.10B). VF is manifested by multiple reentrant wavelets (Fig.10C) and VT is
manifested by a pair of stable spiral waves (Fig.10D).

6. Chaos in termination of arrhythmias

In hearts of large mammals, including humans, spontaneous termination of fibrillation
occurs frequently in atria but only occasionally in the ventricles. Anti-arrhythmic drugs can
terminate ventricular fibrillation and are fairly effective at terminating atrial fibrillation
(Manoach et al., 1987; Naccarelli et al., 2003). To some extent, their antifibrillatory actions
have been rationalized according to Garrey’s “critical mass hypothesis” (Garrey, 1914) and
Moe’s “multiple wavelet hypothesis” (Moe, 1982; Moe et al., 1964). For example, Class IA
and III anti-arrhythmic drugs prolong wavelength, so that the same size tissue can support
fewer reentrant circuits, which may cause fibrillation to self-terminate. However, this
mechanism has been challenged by experimental studies (Goy et al., 1985; Wijffels et al.,
2000) which show that these drugs have limited effects on wavelength and refractory period.
Using computer modeling (Qu, 2006; Qu and Weiss, 2005), we show that chaotic wave
dynamics plays an important role in the termination of fibrillation. Although dynamical
instabilities due to steep APD restitution promote wavebreaks and fibrillation, but it also
enhances the probability of wave extinction by promoting wave meandering and collision
with tissue borders, facilitating spontaneous termination of fibrillation (Fig.11A). The latter
effect predominates as the dynamical instability or the steepness of the APD restitution
increases, so that fibrillation is more likely to self-terminate in a finite size tissue (Fig.11 B
and C). The likelihood of spontaneous termination of fibrillation decreases exponentially as
tissue size increases (Fig.11D). In fact, anti-arrhythmic drugs, either Class IA or III, may
terminate fibrillation through their effects on electrical restitution as well as wavelength,
since the reverse-use dependence of potassium channel blockers prolongs APD at slow rates,
but much less at fast rates, making APD restitution steeper. This steepening causes the
reentrant waves to be more unstable, enhancing their probability of colliding with other
waves or tissue borders and self-terminating. Promoting spiral wave instabilities by drug-
induced steepening of APD restitution to terminate arrhythmias has been demonstrated in
experimental studies (Amino et al., 2005; Banville and Gray, 2002; Yamazaki et al., 2007),
agreeing with the theoretical predictions.
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Chaos may also play an important role in termination of multi-focal polymorphic VT. As
shown in Fig.7, when the tissue size is small (Fig.7A), only one focus forms which
terminates spontaneously. As the tissue size becomes larger (Fig.7B), multiple foci occur.
Since these foci occur and disappear chaotically, the multi-focal arrhythmias eventually
terminate. This same mechanism may be responsible for the frequently observed
spontaneous termination of polymorphic VT or Torsade de Pointes in clinical settings,
especially in long QT syndromes.

Therefore, the dynamical wave instabilities due to spatiotemporal chaos can result in
spontaneous termination of fibrillation, providing novel insight into the underlying
mechanisms, which flourishes the traditional “critical mass hypothesis.”

7. Concluding remarks

Cardiac arrhythmias are complex abnormal electrical wave activities in the heart, which are
regulated by factors ranging from the molecular level to the whole heart. In this review, we
summarized the effects of dynamical chaos on the genesis and maintenance of arrhythmias
based on studies of computer simulation and animal experiments. The main point is that the
factors that promote arrhythmias, such as dispersion of refractoriness, PVCs, focal
excitations, and wavebreaks, can be produced in homogeneous tissue due to dynamical
instabilities, namely dynamical chaos. But the same instabilities can also make arrhythmias
terminate in finite-size tissue. Since this conclusion is based on computer modeling and
animal experiments, a question arising is how these dynamics are related to arrhythmias and
sudden cardiac death in human. Sudden cardiac death usually occurs in patients with
coronary artery diseases but can also occur in patients with no symptoms and structurally
normal hearts (Chugh et al., 2000; Lopshire and Zipes, 2006). In hearts with coronary artery
diseases, dispersion of refractoriness and conduction heterogeneities are increased and are
thought to be the causes of reentry and wavebreaks (El-Sherif et al., 1991; Janse and Wit,
1989; Restivo et al., 1990). Even though the heterogeneities are fixed in these hearts,
arrhythmias still occurs in an unpredictable manner, indicating that dynamical changes in the
triggers or substrates or both are needed. These changes can be caused by random
fluctuations (such as random opening and closing of ion channels or emotion, etc.), or
nonlinear dynamics arising from certain bifurcations, such as chaos, or by the interactions of
random fluctuations and nonlinear dynamics. The roles of dynamical chaos in the genesis of
human arrhythmias can be speculated as follows. First, chaos may play an important role in
the degeneration of VT to VF in both structurally normal and abnormal hearts. Once VT is
formed in the heart, either due to a reentry or a focus, its fast heart rate can drive the tissue
into chaos to cause large dispersion of refractoriness and thus wavebreaks, giving rise to VF.
Second, chaos may play an important role in arrhythmogenesis in structurally normal hearts,
such as in patients with long QT syndromes (Roden, 2008; Schwartz, 2006) or
catecholaminergic polymorphic VT (Napolitano and Priori, 2007). In these patients,
arrhythmias may occur at fast heart rates caused by exercise-induced sympathetic activation
or at slow heart rates during sleep or rest, both are associated with afterdepolarizations.
Since these hearts are structurally normal, the pre-existing heterogeneities may not be large
enough, regional synchronization of chaotic EADs may interact with the pre-existing
heterogeneities to promote both the triggers and substrates for arrhythmogenesis in these
diseased hearts.

Although it is difficult to directly demonstrate the roles of chaos in arrhythmogenesis in the
human heart, the studies of computer simulation and animal experiments on the effects of
chaos on genesis and maintenance of arrhythmias can provide insight into the mechanisms
of the diseases as well as therapeutic strategies.
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Figure 1. Chaos and sensitive dependence on initial conditions

A. Plots of f{x,) for different a. Open circles are the equilibrium states which are the
intersections of the parabolae (solid lines) and the diagonal line [dashed line, x,=f(x,)]. B.
Bifurcation diagram showing x;, versus a. For each value of a, Eq.2 is iterated 300 steps with
the first 100 values of x,, (n=1 to 100) dropped and the rest 200 values plotted. The dashed
line is the unstable equilibrium state. C. x,, versus n for 0=2.5. D. x,, versus n for 0=2.5. E.
Xy versus n for a=4 with an initial value x1=0.2 (solid circles) and with an initial value
slightly different from 0.2, i.e., x;=0.20001 (open circles).
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Figure 2. Cardiac chaos

A. Bifurcation diagram showing the relationship between the basic cycle length of pacing
and beat-to-beat action potential amplitudes in a sheep cardiac Purkinje fiber (Chialvo et al.,
1990a). The observed bifurcation sequence is: 1:1 — 2:2 — 2:1 - 4:2 — 3:1 — 6:2 — 4:1
— 8:2 — ID. “n:m” indicates that n stimuli elicit m different action potentials, which repeat
periodically, e.g., “4:2” means that for each 4 stimuli, 2 action potentials with different
morphologies are elicited, which is simply APD alternans. “ID” stands for irregular
dynamics or dynamical chaos. B. Action potential recordings from a dog cardiac Purkinje
fiber at different basic cycle length, showing 1:1, 2:2, 2:1, 4:2, and irregular dynamics
(Chialvo et al., 1990a). C. Bifurcation diagram showing APD versus basic cycle length from
an iterated map. The bifurcation sequence shows: 1:1 — 2:2 — 2:1 - 4:2 - ID — 4:1 —
8:2 — ID. The bifurcation diagram is generated using iterated map Eq.3 with the APD
restitution function: APD,,,; = f(DI,,) = 220 — 180e PIn/60_ and the relation: DI, = PCL —
APD,, For each PCL, the first 40 APDs are discarded and the next 100 APDs are plotted. In
the alternans (2:2) regime, there are only two APD values though 100 APDs are plotted,
however, in the chaotic regime, the values of the 100 APDs are all different, resulting in
scattered plots. D. Bifurcation diagram showing APD versus basic cycle length from a
computer simulation using the Beeler-Reuter action potential model (Xie et al., 2007).
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Figure 3. Chaotic EAD dynamics in cardiac myocytes (Sato et al., 2009)

A and B. Voltage recordings and bifurcation diagrams (APD vs. PCL) from a paced rabbit
ventricular myocyte exposed to 1 mM H,0O, (A), and a ventricular action potential model
(B), illustrating that irregular EADs occur only at intermediate PCLs. Red arrows indicate
EADs.
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Figure 4. Chaos synchronization in diffusively coupled Logistic maps
A. Top: x, (solid circles) and y,, (open circles) versus n. Bottom: The difference (x,—yy) of
Xxp and y,, versus n. €=0.2. B. Same as A but for £=0.3.
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Figure 5. Chaos synchronization in cardiac tissue

A and B. Chaos synchronization in a 1D homogeneous cable of coupled myocytes under
rapid pacing (Xie et al., 2007). Panel A shows the average standard deviation (<c>) of
voltage versus the cable length L. <o> is defined as:

14
el
=

1z L = 2
<o>=li it V(x, 1) = V(D] dx/L oo
T T = Ty ]{ ‘ J i[ (1) = V(O dx/ , where V(7) is the average voltage over the

whole cable at time ¢, T is a time after the transient, and L is the length of the cable.
Synchronization therefore occurs when <o> approaches zero. All myocytes are identically
paced with PCL=100 ms. The myocytes are modeled by the Beeler-Reuter model (Beeler
and Reuter, 1977) with modifications (Xie et al., 2007), which exhibits a bifurcation
diagram similar to the ones shown in Fig.2. Panel B shows the time-space plot of voltage for
L=6 cm for the same 1D cable as in A. C and D. Chaos synchronization in cardiac tissue due
to EAD chaos at slow pacing (Sato et al., 2009). Panel C shows APD distributions for three
consecutive beats in homogeneous 2D tissue (4.5 cm x 4.5 cm) with stimuli applied
uniformly at the left edge of the tissue. Islands of long APD (with EADs) surrounded by
regions with short APD (without EADs) developed as a result of the spatial instabilities.
Panel D shows APD distributions for three consecutive beats in an anatomical rabbit
ventricle model paced from a single site in the apex, illustrating similar islands of long APD.
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Figure 6. Reentry induction in homogeneous tissue (Xie et al., 2007)

Voltage snapshots showing reentry induction in a 7.5 cm x 7.5 cm homogeneous tissue with
the modified Beeler-Reuter model and PCL=100 ms. Stimulation is applied in a narrow strip
(0.3 x 7.5 cm?) spanning the left border of the tissue, inducing planar waves propagating
from left to right. Chaos desynchronization is first induced in the region around the pacing
site, followed by local conduction block and eventually complex reentrant patterns.
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Figure 7. PVC formation in homogeneous tissue (Sato et al., 2009)

A. Space (y-axis) and time (x-axis) plot of voltage in a 1D cable paced at one end. A
localized EAD (*) which forms at the center of the cable after the 5t paced beat (middle
inset trace) propagates as a PVC towards both ends (top and bottom inset traces). B. Space
(y-axis) and time (x-axis) plot of voltage in a 9 cm homogeneous 1D cable paced at one end
for six beats (as indicated) showing the formation of multiple shifting foci (*) due to
regional chaos synchronization. C. Voltage snapshots of two episodes (from 20280 ms to
20340 ms, and from 38190 ms to 38250 ms) of multiple shifting foci from a simulation in a
12 cm x 12 cm homogeneous 2D tissue.
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Figure 8. Multiple shifting foci resembling polymorphic VT (Sato et al., 2009)

A. Multiple EAD-induced shifting foci are shown in voltage snapshots on the epicardical
surface of the anatomic rabbit ventricle model. Note that the positions of the foci in the two
epochs (from 5570 ms to 5590 ms, and from 6770 ms to 6790 ms) have shifted to new
locations. B. Pseudo-electrocardiogram of A, illustrating polymorphic VT resembling
Torsade de pointes. C. Voltage snapshots on the epicardical surface of a rabbit heart during
exposure to 0.2 mM H,O,, showing two episodes of multiple EAD-induced foci (from 488
ms to 504 ms with three foci, and from 600 ms to 608 ms with one focus) similar to the
simulation in A. D. Pseudo-electrocardiogram of C, illustrating polymorphic VT resembling
Torsade de Pointes.
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Figure 9. Spiral wave breakup leading to spatiotemporal chaos resembling VF (Qu et al., 2000c)
A-C. Voltage snapshot of a spiral wave and its tip trajectory for a stable (A); a
quasiperiodically meandering (B), and chaotically meandering (C) spiral wave. D. Voltage
snapshots showing a spiral wave breaks up into multiple spiral waves. E. Cycle length (CL),
recorded from one of the tissue, at the present beat (CL,,) is plotted against the previous
beat (CL,), showing quasiperiodicity of the quasiperiodically meandering spiral wave (left)
and chaos from the chaotically meandering spiral wave (middle) and spiral wave breakup
(right).
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Figure 10. Experiments showing APD restitution dependent transitions from VF to VT and from
VT to VF in the presence and absence of D600 in a rabbit heart (Wu et al., 2002)

A. APD restitution curves at different D600 concentrations, plotted as APD against pacing
cycle length. B. Pseudo-ECGs showing baseline VF, transition from VF to VT at D600
concentration of 0.5 mg/L, and transition from VT to VF after the drug is washed out. C. A
snapshot of optical signal during baseline VF showing multiple wavefronts. D. A snapshot
of optical signal during VT showing a pair of stable spiral waves.
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Figure 11. Chaos in termination of fibrillation (Qu, 2006)

A. Voltage snapshots showing self-termination of “multiple-wavelet” fibrillation from a
simulation in a 10 x 10 cm? homogeneous tissue model. Column 1 (170-190 ms): 2 spiral
waves (arrows) at 170 ms collide at 180 ms and disappear at 190 ms. Column 2 (240-260
ms): spiral waves (arrows) at 240 and 250 ms run into refractory tails of their previous
waves and disappear at 260 ms. Column 3 (1,610 —1,650 ms): spiral pairs (arrows) collide
and disappear. Column 4 (1,660 —1,820 ms): the only surviving spiral wave (arrow) moves
off the tissue border, and the tissue becomes quiescent. B. Two APD restitution curves with
different slopes. C. Average VF duration <T> for the two APD restitution curves in B. D.
Average VF duration <T> versus the area-to-perimeter ratio from a square tissue (black) and
a rectangular tissue (open).
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