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ABSTRACT

Atrial fibrillation (AF) is the most common sustained arrhythmia encountered in
clinical practice. Although AF has been recognized and studied extensively since the
early twentieth century, AF management is far from ideal. A better understanding of AF
mechanisms is essential in order to improve treatment of AF. The objectives of this study
were to determine the mechanisms and significance of ionic transients in mathematical
action potential models, determine the relative contributions of tachycardia-related
myocyte remodeling processes to the pathologic features of the remodeled action
potential, and to investigate mechanisms of AF maintenance and antiarrhythmic drugs in
atrial tissue. To achieve our goals, we further developed a previously published
mathematical model of the canine atrial action potential, formulated a cellular model of
tachycardia-related AF, and developed a model of canine atrial tissue and cholinergic AF.

We began by formulating expressions for myocyte CI” transport processes which
allowed us to evaluate model stability and the influence of model equation singularity,
and to characterize pacing-induced ionic transients. We found that tissue and model
transients are comparable, indicating that any distortion arising from dynamic equation
instabilities is not likely to be significant. In addition, we found that dynamic models may
reach absolute stability during sustained pacing, and that assignment of the stimulus
current contributes importantly to model stability. Our results indicate that K" is the most
appropriate stimulus current assignment, that slow rate-related changes in action potential
duration are likely related to intracellular Na” accumulation and outward Na' . Ca?*

exchanger augmentation, and that model equations formulated to reproduce short-term
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electrophysiological behavior may also reproduce longer-term changes in myocyte
electrophysiélogy.

We then measured Ca”*-transients in isolated atrial myocytes in control and
following tachycardia-~induced remodeling and formulated the first atrial action potential
model with realistic Ca2+-handling properties. Our results demonstrate that both
remodeling of sarcolemmal ionic currents and subcellular Ca2+-handling processes
contribute significantly to action potential shortening and loss of rate adaptation as occurs
in chronic AF. These results given insights into underlying mechanisms and have
potential clinical relevance.

Next we developed a two-dimensional model of canine atrial tissue and the first
model of AF with realistic ionic and propagation properties. The model provides the first
theoretical confirmation of the recent experimentally-determined conception of the
mechanisms of AF maintenance, indicating that discrete “driver regions” underlie AF,
and that wavelets génerated by emanating wavefronts give rise to fibrillation but play a
relatively passive role in maintaining AF. This ends nearly 40 years of dominance by the
Moe model of AF arguing that the multiple wavelet mechanism is the fundamental
process underlying AF.

Finally we used our model of AF to determine the mechanisms of AF termination
by sodium channel blocking agents (class I antiarrhythmic drugs). In agreement with
recent experimental findings, our results demonstrate how sodium channe! inhibition first
slows and organizes AF, and how the effects of decreased excitability cause AF

| termination in a way that is independent of wavelength changes, previously thought to be

necessary for antiarrhythmic efficacy.



RESUME

En médecine clinique, la fibrillation auriculaire (FA) est I’arythmie soutenue la
plus commune. Bien qu’elle ait €té décrite et étudiée depuis le début du vingtiéme siécle,
nos méthodes de traitement de la FA ne sont pas optimales. Une meilleure
compréhension de la FA est donc nécessaire afin d’améliorer le traitement. Les objectifs
de cette étude sont les suivants : 1. déterminer le mécanisme et I’importance des
changements ioniques a 'intérieur de modeles mathématiques des potentiels d’action;
déterminer la contribution relative des changements causés par la fibrillation cardiaque
aux caractéristiques des potentiels d’action pathologiques; étudier les mécanismes de
maintenance de la FA; étudier le mécanisme des médicaments anti-arythmiques sur la
FA. A ces fins, nous avons modifié un modéle mathématique du potentiel d’action de
I’oreillette canine précédemment publié, formulé un modéle cellulaire de la FA lié a la
tachycardie, et développé des modeles canins de tissus de oreillette et de la FA
cholinergique.

Nous avons tout d’abord formulé des expressions visant & répresenter le transport
du chlore & I'intérieur des myomeres. Ceci nous a permis d’évaluer la stabilité de notre
modele, 'influence d’équations spécifiques et de charactériser les changements ioniques
causés par I’activité repetitive. Nous avons noté que les changements ioniques observés
chez les tissus étaient comparable & ceux générés par notre modéle. La distorsion due aux
instabilités mathématiques potentielles est donc d’une importance négligeable. De plus,
nos modeéles dynamiques furent en mesure d’atteindre une stabilité absolue durant le
pacing — le choix du courant stimulateur contribue de maniére importante 2 la stabilité du
modele. Nos résultats indiquent que le potassium est le choix de courant le plus

approprié, que les changements de courant lents liés 4 la variation de la cadence sont
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probablement li€s 4 I’accumulation intracellulaire de sodium et & I’échange externe
augmentée de sodium et de calcium.

Nous avons par la suite mesuré les changements de courant du calcium 3
Pintérieur des cellules cardiaque en condition contrdle et aprés altération par la
tachycardie. Ceci nous a permis de formuler le premier modéle du auriculaire qui
représente adéquatement le transport du calcium. Nos résultats démontrent que les
transformations au niveau des courants du sarcolémme et les mécanismes cellulaires de
transport du calcium contribuent de fagon significative a racourcir la durée du courant et
a réduire I’adaptabilité, tels qu’observés lors de la FA chronique. Ces résultant nous
instruisent donc des mécanismes de la FA et ont potentiellement des implications
cliniques.

Nous avons dévelopé un modéle réalistique du tissue de I’oreillette canine ainsi
que le premier modele de la FA représentant de maniére réalistique les propriétés
ioniques et de propagation de courant 4 I'intérieur des myoméres. Ce modéle représente
la premiére confirmation théorique des mécanismes de maintenance de FA ayant été
dérivés de maniére expérimentale. Notre modéle indique que la FA dépend des vagues de
réentrée spirales stables et que les “vaguellettes” jouent un role négligeable dans la
maintenance de la FA. Ces résultats contredisent donc le modéle de Moe prévalant déja
depuis 40 ans selon lequel une multitude de vaguellettes sont a 1a base du processus de
Pentretien de la FA.

Finallement, nous avons tenté, a I’aide de notre modéle, de déterminer le
mécanisme d’interruption de la FA par les bloqueurs de cannaux de sodium (classe | anti-
arythmiques). Nos résultats démontrent comment le bloquage des cannaux de sodium

ralentis d’abord puis organise la FA, et comment une diminution de Uexcitabilité termine
la FA indépendamment des changements de courant — ceux-ci étaient précédemment

considérés nécessaires 4 1’action anti-arythmique,
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CHAPTER1 INTRODUCTION



1 Mechanisms of Atrial Fibrillation

1.1 Overview

The heart is a mechanical pump that is electrically activated. The pump is divided into
four muscle chambers, consisting of two atria and two ventricles. The atria receive blood
from the venous circulation, and contraction of the atria and hydrostatic forces deliver
blood to the much larger and more powerful ventricles that pump into the arterial
circulation. Muscle chambers are composed of myocytes (size dimensions on the order of
10x100 pm) that are mechanically and electrically coupled on all sides, forming a
mechanical and electrical syncytium (size dimensions on the order of 10x10 cm). With
each heart beat, waves of transmembrane electrical depolarization propagate across this
substrate, stimulating muscle contraction and the generation of mechanical force. At the
single cell level, the electrical impulse is called an action potential. Cellular contraction
occurs during the action potential, and the cell is refractory to additional excitation during
this time. At the tissue level, cellular action potentials combine to form excitatory
wavefronts. Each cell must generate an action potential to participate in contraction and
transmission of the activation waves. While atrial and ventricular tissue share many
similarities, important cellular and structural differences give each chamber-type unique
electrical and mechanical properties. Furthermore, while neighboring cells and tissues are
relatively homogeneous, cellular and structural differences form the basis of electrical
and mechanical heterogeneity throughout the myocardium (1).

Cardiac rate is finely tuned to the body’s needs by physiological control of the

cardiac pacemaker function of the sinoatrial (SA) node, which maintains a rate of about



60/min at rest and can fire as rapidly as 180-200/min at peak exercise (1). The SA node
first activates the atria, and then activation proceeds to the atrioventricular (AV) node,
which transmits the impulse to activate the ventricles. Atrial fibrillation (AF) is
characterized by rapid and irregular (400-600/min) atrial activation, which manifests as
continuous, irregular atrial activation on the electrocardiogram (2). If each atrial impulse
conducted to the ventricles, the extremely rapid ventricular rate would lead to ineffective
cardiac contraction and death. To prevent this, the AV node provides a filtering function,
restricting the ventricular rate to ~150/min during AF (1). Cardiac anatomy and electrical
activity in sinus rhythm (panel A) and during AF (panel B) are depicted schematically in

figure 1.
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Figure 1. Schematic diagram of electrical activity during normal rhythm (A) and AF (B).
Representative action potentials are shown from the sinoatrial node (SAN), atrium, AV node

and ventricles. RA=right atrium, LA=left atrium, RV=right ventricle, LV=Ileft ventricle.



1.2 The Epidemiology of Atrial Fibrillation

1.2.1 Incidence and Prevalence

AF is the most common sustained tachyarrhythmia, and will become more common with
aging of the population (3-5). AF presently occurs in 0.4% of adults and 2-4% of those
over 60 (6; 7). The prevalence of AF per 1000 persons is around 2-3 in those aged 25 to
35 years, 30-40 at ages 55 to 64, and 50-90 at ages 62 to 90. The Framingham study
examined the precursors, occurrence, and prognosis of AF in a 22- to 30-year follow-up
of a cohort of 5209 men and women in the 30- to 62-year range at the time of entry (4; 8-
11). The incidence of AF was observed to be higher in men, and to increase with age in
both sexes. The overall chance of developing AF over 2 decades was 2%.

1.2.2 Associated Diagnoses

AF is most frequently associated with other cardiovascular diseases, although a wide
range of conditions may give rise to the arrhythmia. The majority of cases of chronic AF
are related to cardiovascular abnormalities. The presence of cardiovascular disease
increases the likelihood of AF three- to five-fold, with coronary artery disease doubling
the risk of AF from 4% to 8%. AF also occurs in 6% to 23% of cases of myocardial
infarction. Although it is not an independent risk factor and infrequently prompts patients
to seek medical attention, it does suggest more extensive infarction and ventricular
dysfunction, and is associated with increased mortality (12-14). An increased incidence
of AF is also observed in patients with ischemic heart disease, as may occur in the
contexts of atrial infarction, congestive heart failure, and mitral regurgitation. In

rtheumatic heart disease, the risk of AF is increased eight-fold in men and 27-fold in men



and women, respectively. Hypertension increases the risk of developing AF four- and
cardiac failure by ~10-fold, and AF occurs in 5% to 40% of cases of coronary artery
bypass grafting and cardiac valvular surgery (15; 16). In contrast to these associations,
the Framingham study also showed no cardiovascular disease was discernable in 16.6%
of men and 6% of women developing AF, although some showed signs of nonspecific
abnormalities or intraventricular conduction delays (8).

AF frequently occurs in the setting of advanced pulmonary disease, as hypoxia,
respiratory acidosis, cor pulmonale, pericarditis, neoplasm, increased catecholamines,
and sympathomimetic drugs all predispose to AF (17; 18). Surprisingly, AF rarely
complicates pulmonary embolism, as the National Co-operation Study of Urokinase for
Pulmonary embolism found that only 3% of patients with pulmonary embolism had AF
despite extensive hemodynamic compromise (19). In contrast, AF was also reported to
occur in up to 15% of patients following thoracotomy performed in association with
surgery for lung cancer (20).

The most important noncardiovascular causes of AF are alcohol and
hyperthyroidism (20). Chronic drinkers may develop patchy inflammatory lesions (21)
and high doses of alcohol can subsequently precipitate AF (22-25). Overt
hyperthyroidism precipitates AF in approximately 10% to 20% of patients. This occurs
more frequently in the elderly (26-28) where the classical clinical features of
hyperthyroidism may be absent, and AF may be the presenting feature of this disease.
Although a relatively uncommon cause of AF, hyperthyroidism is important to consider,
since conversion and long-term maintenance of sinus rhythm is likely if antithyroid

treatment is initiated early (28-30). Other rare causes of AF include infections (ie,



pneumonia and empyema), anesthetic agents, electrolyte disturbances (such as
hypokalemia, hypocalcemia, hypomagnesemia), and metabolic abnormalities (such as
hypothermia, hypoxia and hypoglycemia). Also drugs for respiratory disease such as B2
agonists, sympathomimetic cold remedies, antihistamines, and coffee can precipitate AF
(31; 32). Finally, extreme accelerating forces, as may occur in military aircraft, have been
known to initiate attacks (25). Alternately, AF has been terminated by a catapult launch
from an aircraft carrier, though it was commented that this “is probably not a clinically
useful modality” (33).

1.2.3 Prognosis and Complications of Atrial Fibrillation

AF is a cause of significant morbidity and mortality, principally because of
thromboembolic complications. AF is responsible for more than 85% of systemic
thromboembolism from the heart (34), with more than two thirds of all clinical embolic
events lodging in the brain (35; 36). AF is associated with a 4.8-fold increased risk of
stroke in the absence of oral anticoagulation (9), with the risk increasing 17-fold when
AF is associated with rheumatic mitral valve disease. The proportion of strokes
associated with AF increases with age, from about 7% at ages 50 to 59 to 36% at ages 80
to 89. The risk of peripheral embolism is also increased in AF, occurring at
approximately 2% per year compared to 4% to 6% per year for strokes. The combined
results of recent antithrombotic trials in AF have aided risk stratification, though
prophylaxis is a subject of ongoing debate. The incidence of pulmonary embolism is also
increased in AF (36), although most atrial emboli are too small to cause significant

pulmonary compromise.
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The normal atrioventricular node generally suppresses the induction of ventricular
tachyarrhythmias by the rapid and irregular rates of AF. However, AF may cause
syncope and cardiac arrest in some patients with very abnormal ventricular function, as in
hypertrophic cardiomyopathy (37). When impaired AV conduction leads to slow and
irregular rates during AF or following conversion from AF, the long QT syndrome may
result and initiate ventricular tachyarrhythmias, including ventricular fibrillation in some
patients with the Wolff-Parkinson-White syndrome. Marked atrioventricular block during
AF can cause syncope due to long pauses in cardiac contraction. Profound bradycardia
can also occur after the termination of AF in patients with the sick sinus syndrome.

AF may provoke a dangerous acute deterioration in additional situations.
Decreased cardiac output secondary to AF may induce ischemia in organs with
compromised perfusion, and unstable angina can also be provoked by AF, as a rapid
ventricular response increases myocardial oxygen demand. Patients with mitral stenosis
or in whom left ventricular relaxation is limited because of hypertrophy or infiltration are
especially dependent on atrial systole to supplement ventricular filling. In addition, a
sustained rapid ventricular rate during AF can give rise to left ventricular dysfunction,
although this effect appears to be reversible when the arrhythmia is terminated or the
ventricular rate controlled (38; 39). AF with a poorly controlled ventricular rhythm may
give rise to a variety of undesirable symptoms, including angina, palpitations, dyspnea,
syncope, dizziness, and fatigue.

To summarize, atrial fibrillation came to be called the “darling arrhythmia” during
the 1990s, fostering intense interest clinically and experimentally, as clinicians and

researchers sought to understand its mechanisms and control its impact (40). As Waktare



and Camm pointed out, “AF causes numerous deleterious effects and is still difficult to
treat. Our therapeutic choices are currently expanding but the long-term restoration of
sinus rhythm can still not be the goal for all. The important principles are to investigate
and treat appropriately from the outset to minimize the chances of adverse events and
maximize the chances of maintaining sinus rhythm. Without treatment, AF begets
trouble” (41). Achieving appropriate treatments may depend on our understanding of the

mechanisms of AF.

1.3 Cellular Basis for AF—Action Potential

As mentioned in Section 1.1, arrthythmias are a multicellular phenomena that ultimately
depend on the electrophysiological properties of individual cells. In response to
excitatory stimuli, each cell generates an action potential, which represents a rapid
increase in transmembrane potential followed by a more gradual return to baseline.
Briefly, the sarcolemmal membrane forms a resistive barrier that permits the selective
flow of ions through membrane-spanning channels, or pores. There are many different
kinds of ion channels, each with characteristic time- and voltage-dependent kinetics and
nonlinear restitution properties, and these selectively conduct various ionic species
(primarily sodium (Na"), potassium (K*), and calcium (Ca®")). During each cardiac cycle,
action potentials arise from this transmembrane ion flow and resulting “bioelectricity”.
Action potentials have a characteristic shape, although there is considerable morphologic
variability between atrial cell types (see Fig. 11 of Ref. (42)) and in various physiological

and pathological contexts (see Section 1.5).
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A variety of ionic currents are responsible for the action potential. Ix; is
responsible for the resting K'-conductance that sets the resting potential, normally
between —70 and —80 mV. A large Na'-current (Iy,) brings the cell from its resting
potential to a value in the range of +40 mV, providing the electrical energy for cardiac
conduction. The cell then partially repolarizes via a transient outward K'-current, L,
followed by a flatter portion of the action potential, the plateau, maintained by inward L-
type Ca**-current (Ic,). Time-dependent activating K'-currents that show little
inactivation (“delayed-rectifiers”, Ix) repolarize the cell. Human atrial Ix has 3
components: an “ultra-rapid” component, Ix,, a “rapid” component, Ix,, and a “slow”
component, Ix;. An inward pacemaker current, Iy, is particularly important in
spontaneously automatic cells like those in the sino-atrial and atrio-ventricular nodes.
Intracellular concentrations of Na™ and K are relatively stable over each cardiac cycle,
except for free intracellular [Ca®*] which rises sharply during the depolarized phase of the
AP, and diastolic relaxation ensues when cytosolic Ca*" is reduced by uptake into the
sarcoplasmic reticulum and by extrusion via the Na',Ca*"-exchanger (NCX). NCX is
electrogenic, exchanging 3 Na" ions for each Ca** (one net positive charge in the
direction of Na' transport per cycle), and produces an inward current during Ca®"
extrusion. Jonic equilibrium is also maintained by the Na',K*-ATPase, which removes 3
Na' ions while returning 2 K ions with each pump cycle. This activity is also

electrogenic, resulting in a net outward current that contributes to repolarization (1).



1.4 Mechanisms of AF

1.4.1 AF Based on Reentry—Early Developments

AF was first described William Harvey in 1628, as an “undulating atrial movement”.
This phenomenon also came to be known as “arrhythmia perpetua” (McKenzie), “pulsus
irregularis perpetuus” (Hering), and “delirium cordis” (Wenckebach). However, as this
activity was not understood, AF was not associated with its clinical correlates until many
years later. Centuries after the initial observation (1906 to 1909), independent reports of
the relationship between an irregular pulse and the characteristic electrocardiographic
appearance of AF was made worldwide by Lewis, Rothberger and Winterberg, and
Cushny and Evans (43-46). Today, AF is diagnosed by the same electrocardiographic
features.

The electrophysiological basis of AF has been ascribed to reentrant mechanisms,
where electrical activity conducts along circular circuit trajectories rather than in planar
waves (47). Reentry was first conceived based on the concept of circus movement. The
possibility of a circus movement of the cardiac impulse was first mentioned by
McWilliam in 1887 (48) and was demonstrated in 1908 by Mayer (49) in rings cut from
the bells of Medusae. In 1913, Mines suggested that reentrant processes underlying
fibrillation required that the length of the excitation wave be shorter than the column of
muscle on which it occurred (50). In 1914, Both Mines (51) and Garrey (52) presented
concepts of fibrillation as maintained by multiple-simultaneous-reentrant circuits (Fig.
2[left]). In 1925, Lewis (Fig. 2[middle]) proposed instead that a single or small number

of sources of stable reentrant activity maintain AF (53). Garrey published a detailed
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review of the state of knowledge regarding AF in 1924 (47). Garrey viewed AF as arising
when “the impulse is diverted into different paths, weaving and inter-weaving through
the tissue mass, crossing and recrossing old paths again to course over them or to stop
short as it infringes on some barrier of refractory tissue.” Although he presented a
consensus supporting the multiple-functional-reentry-circuit concept of AF, he pointed
out alternative views of AF as caused by atrial hyperexcitability (one or more rapidly
discharging ectopic foci) or to a single, dominant mother wave with fibrillatory

conduction. These notions of mechanisms underlying AF are portrayed schematically in

figure 2.
LAA AAR  LAA RAA  LAA AAA
AVR AVR AVR
Multi-circuit reentry Mother wave Hyperexcitability
{Mines, Garrey) {Lewis) {Englemann, Winterberg)

Figure 2. Schematic representations of mechanistic conceptualizations of atrial fibrillation
proposed by investigators in the early twentieth century. The atria are unfolded with a dashed
line indicating the position of the septum. LAA, left atrial appendage; RAA, right atrial

appendage; AVR, atrioventricular ring. (Reproduced with permission from Ref. (54)).

1.4.2 Mechanisms of Reentry Initiation
Although the SA node is the intrinsically fastest pacemaker, various areas of the heart can

show similar automaticity. Abnormally discharging cellular foci may produce ectopic
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impulses that may initiate spontaneously-sustained reentry circuits or act independently
as arrhythmia generators in the absence of stable reentry. In the case of automaticity,
pacemaker activity results from a change in the balance of cardiac currents in the resting
(diastolic) phase of the AP, such that inward currents predominate and lead to progressive
depolarization. When the membrane reaches the threshold potential, the cell fires. If the
slope of diastolic repolarization is increased in a region outside the sinus node, for
example, the cell will reach threshold earlier and generate ectopic action potentials.
Abnormal focal activity can also arise from arrhythmogenic afterdepolarizations (for
details, see Ref. (1)). Haissaguerre et al. demonstrated the importance of pulmonary vein
foci in the initiation of AF (55). While the pulmonary veins are the most common source
of focal activity, arrhythmogenic foci can also arise from the ligament of Marshall (a
venous remnant of the left atrium) (56) and the superior vena cava (57). Reentry arises
from abnormal impulse propagation between different zones of tissue. Following initial
depolarization of an action potential, Na' channels are inactivated and the cell cannot be
re-fired until the cell repolarizes to a potential (about —60 mV) at which Na' channels
recover from inactivation, (the “refractory period”, often abbreviated RP).

The refractory period is often variable, even in connected tissue segments. An ectopic
complex arising during the refractory period of one zone of connected tissues will
initially fail to activate adjacent, refractory myocardium, but may propagate via an
alternative pathway to return to the previously refractory zone when its refractory period
has expired, causing reactivation at this site. Under appropriate conditions, this can result
in repetitive reactivation of the 2 tissue areas in sequence, causing a tachyarrythmia.

Reentry can occur in a single circuit, producing rapid, regular firing, or multiple unstable

12



reentry circuits can simultaneously co-exist, producing more irregular (fibrillatory)
activity. Refractory period is clearly a key determinant of reentry. Long refractory
periods make it more likely that circulating impulses will encounter still-refractory tissue
and die out. Note that even in the presence of an appropriate substrate for reentry, a

trigger is needed in the form of a premature activation to initiate reentry.

1.4.3 Mechanisms of Reentry

1.4.3.1 Closed-Circuit Reentry

Multiple-circuit reentry clearly plays an important role in AF. The precise mechanisms
involved in multiple-circuit reentry and the underlying determinants have been the
subject of considerable development. Mines considered that reentry occurs in “closed
circuits in the myocardium” (Fig. 3[left]) (50). The center of these circuits is generally
inexcitable as this region may consist of anatomical obstacles like the venae cavae or
pulmonary veins, or regions of inexcitability caused by heart disease. More recently, Wu
et al. demonstrated that even the atrial microstructure may also act as anatomical
pathways for closed circuit reentry, as reentry may occur around loops formed by
pectinate muscle bundles (58). These specialized tissue geometries may stabilize reentry
in the vertical plane, such that emanating activity appears to arise from a spontaneously
discharging focal source, as described by Garrey (47) (Section 1.4.1). Because the size of
the circuit is fixed, reentry depends critically on a circuit time that is greater than the
refractory period (the circuit time equals the path length divided by conduction velocity).

The refractory period determines whether reentry can be maintained, as ongoing reentry

13



requires that the refractory period be less than the circuit time, but does not directly affect
circuit time or tachycardia rate.

1.4.3.2 Leading-Circle Reentry

Garrey acknowledged that closed-circuit reentry is a limited concept as it does not
account for the dynamic nature of reentry in arthythmias like AF, in which the reentry
substrate appears functional rather than fixed (47) (Section 1.4.1). Allessie et al.
presented the first detailed conceptual model of functional reentry with supporting
experimental observations in 1977 (59). According to Allessie’s “leading-circle”
conceptualization (Fig. 3[middle]), reentry is maintained in a leading circle, which
establishes itself in the smallest circuit that can maintain continuous activity where the
center (core region, defined in Section 1.4.7) of the reentry circuit is continuously
invaded by centripetal impulses from the circulating reentrant wave and is thus
continuously excited. This minimum circuit size for reentry is given by the wavelength, a
concept first presented by Mines (50) and later quantified by Wiener & Rosenblueth (60)
as the product of conduction velocity and refractory period (discussed in detail in Section
1.6.1). A change in conduction velocity causes the reentrant impulse to move
concentrically based on the path length traveled in one refractory period; increased
conduction velocity moves the wave outwards, to travel in a larger orbit, whereas
decreased conduction velocity allows the wave to move inwards to a smaller path.
Because the circuit time equals the refractory period (by definition in a path equal to the

wavelength), refractory period is the sole determinant of circuit time and tachycardia rate.
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1.4.3.3 Spiral-Wave Reentry

More recently, spiral waves rotating around an organizing center have been discovered in
different types of excitable media, including autocatalytic chemical reactions and various
biological systems (61), and it may be that functional reentry in cardiac muscle is also the
result of similar spiral waves. Davidenko et al. used a potentiometric dye in combination
with CCD (charge-coupled device) imaging technology to demonstrate spiral waves in
ventricular muscle (62). Spirals were observed to anchor to small anatomic structures or
drift to other sites. Activity was very regular when spirals were anchored and irregular
during drift. It was later demonstrated that a single rapidly moving spiral rotor is
sufficient to produce electrocardiographic patterns that are indistinguishable from
fibrillation (63). Spiral wave reentry has also been demonstrated in atrial tissue (64-66),
where a single meandering spiral also gave rise to AF-like electrograms (64; 67).
Meander, also in human tissues, was attributed to rate adaptation of the atrial refractory
period (64; 64; 65), as this meant that the distribution of excitable tissue available for
reentry was continually changing. As indicated in Fig. 3[right], spiral wave reentry
differs from the other models in that the core region (defined in Section 1.4.7) is fully
excitable but unexcited (66; 68; 69).

Closed circuit reentry Leading circle reentry Spiral wave reentry

I'4

Figure 3. Schematic diagrams of closed-circuit reentry [left], leading-circle reentry [middle],

and spiral-wave reentry [right] (Reproduced with permission from Ref. (54)).
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1.4.4 Multiple Wavelet Hypothesis of AF

In 1959, Moe & Abildskov showed that AF could be produced by experimental
paradigms of both multiple circuit reentry and rapid activity, and they suggested that
either type of mechanism might cause clinical AF (70). The concept of reentry was
further developed by the “multiple wavelet hypothesis” of AF, put forward by Moe et al.
in 1962 (71). In this conceptualization, Moe developed the notion of wavelets of
electrical excitation and the importance of spatial heterogeneity of refractory period in
AF. This concept differed from previous multiple-circuit-reentry notions in that, rather
than thinking of reentry waves making complete revolutions, it was believed that
propagation during AF involves multiple independent wavelets circulating through
functionally refractory tissue. Moe’s original description was worded as follows:
“QOrderly spread of excitation will no longer be possible; the grossly irregular wavefront
becomes fractionated as it divides about islets or strands of refractory tissue, and each of
the daughter wavelets may now be considered as independent offspring. Such a wavelet
may accelerate or decelerate as it encounters tissue in a more or less advanced state of
recovery. It may become extinguished as it encounters refractory tissue; it may divide
again or combine with a neighbor; it may be expected to fluctuate in size and change in
direction” (70). Fibrillation was thought to be a random process sustained by the ongoing
multiplication of wavelets, with fully developed fibrillation being a state in which many
such randomly wandering wavelets coexist.

1.4.4.1 Moe Computer Model of AF

When the “multiple wavelet hypothesis” was first circulated, the experimental techniques

necessary to test the proposed mechanism were not available. To evaluate his hypothesis,
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Moe et al. developed a simple cellular automaton computer model of canine atrial tissue
and cholinergic AF in the early 1960s (72). The model contained 992 tissue-units (each 4
mm in diameter) joined to simulate a 12.4x12.8 cm atrial sheet. Units were programmed
with rate dependence of the absolute refractory period using time-dependent functions,
and refractory period heterogeneity was randomly distributed. In control, conduction
velocity was ~80 cm/s and conduction time ~160 ms (about twice typical experimental
values). Moe acknowledged that this substrate bore only a limited resemblance to atrial
tissue electrophysiology and recognized severe limitations to the computer representation
and capacity, yet he believed the model to be sufficient to test the postulated mechanism
of AF. The strength of the model was that it displayed sustained fibrillatory activity. AF
in the model arose from the ongoing fractionation of multiple activation wavefronts into
independent daughter wavelets. Wavelets would randomly collide, mutually annihilate, or
coalesce in a self-perpetuating and ceaselessly-changing turbulent process that was
reentrant in nature. As postulated, the model predicted that AF is a totally random process
resembling Brownian motion. Being random, sustained AF was thought to represent a
probability phenomenon dependent on the total number of wavelets present at any one
time. Any factor increasing the number of wavelets would aid in maintaining AF while
factors decreasing the wavelet count would tend to terminate AF. The model predicted
that 23 to 40 wavelets were needed for sustained AF. A representative simulation from

the original Moe model of AF is shown in figure 4.
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WAVE FRONTS
ACTIVE: 20
DEAD: 10

Figure 4. Representative simulation of AF from the original Moe computer model of AF

(Reproduced with permission from Ref. (72)).

Following the presentation of this computer model in 1964 (72), Moe’s multiple
wavelet hypothesis (71), having some preliminary theoretical support but lacking any
experimental validation, came to provide the most widely accepted mechanistic
description of AF. Despite its many successes, the Moe model is now known to contain
several serious limitations. Beyond the nonphysiologic cellular automaton tissue
substrate, fibrillation depended on erroneous refractory period and conduction properties.
Maximal refractory period heterogeneity gradients were permitted between adjacent
units, because the smoothing of refractoriness gradients caused by physiological cell-to-
cell coupling did not exist in the model. Conduction velocity dropped to 20 cm/s during
the relative refractory period (30 ms fixed duration), slowing propagation to extremely
low levels and creating a nonphysiclogic conduction velocity heterogeneity during
repeated stimulation. Asynchronous activity was further exaggerated by these

nonuniformities, as cells excited early underwent a greater shortening of the refractory

18



period than those that responded later. These properties suggest that AF in the model was
misrepresented, and that certain model predictions are likely to be misleading. While this
does not disprove the multiple wavelet mechanism, the need for experimental

observations supported by a more realistic mathematical model is clear.

1.4.5 Primary Generator-Sources Hypothesis of AF

Moe’s multiple wavelet hypothesis and model predictions have been called into question
in recent years. In 1998, Jalife et al. presented a new unifying hypothesis for the
electrophysiological basis of AF (73). The postulated mechanism was based on a wealth
of experimental data from multiple levels of study, including wavelet mapping and
frequency analysis of electrograms, together with theoretical studies using more
sophisticated mathematical models. It was surmised that “sustained AF depends on the
uninterrupted periodic activity of discrete reentrant sites. The shorter reentrant circuits act
as dominant frequency sources that maintain the overall activity. The rapidly succeeding
wavefronts emanating from these sources propagate through both atria and interact with
anatomic and/or functional obstacles, leading to the phenomenon of ‘vortex shedding’
and to wavelet formation. Some of such wavelets may shrink and undergo decremental
conduction, others may be annihilated by collision with another wavelet or a boundary,
and still others may curl to create new vortices. The end result would be the
fragmentation of the periodic wavefronts into multiple independent daughter wavelets,
giving rise to new wavelets, and so on in the ceaseless, globally aperiodic motion that
characterizes fibrillatory conduction” (73). The phenomenon of vortex shedding is

analogous to the formation of eddies in hydrodynamical systems (e.g., fluid waves
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interacting with a physical obstacle in their path, as occurs in the ascending aorta during
systole when the left ventricle rapidly expels blood through the aortic valve) (74). This
hypothesis is fundamentally different from the multiple wavelet hypothesis, as stable
sources imply that the multiplication of wavelets is not essential for AF maintenance, and

that there is an intrinsic organization embedded in the complex dynamics of AT

1.4.6 Experimental Observations of AF Mechanisms

1.4.6.1 Preliminary Support for Multiple Wavelet Hypothesis of AF

Experimental support for the multiple wavelet hypothesis had to await about 20 years. In
1985, Allessie et al. mapped the spread of excitation in canine atria during ACh-induced
atrial fibrillation and demonstrated 4 to 6 coexisting wavelets giving rise to turbulent
atrial activity in vivo (75). These investigators estimated that sustained AF in the dog
required 4 to 6 wavelets. Other data in dogs (76) as well as humans (77; 78) provided
insights into the characteristics of wavefront propagation. While these results were
presented as demonstrations of the multiple wavelet mechanism, wavelet counts were
substantially less than the 23 to 40 predicted by Moe’s computer model (72), and no
rigorous quantitative tests were performed to determine whether this number was critical
and whether the arrhythmia terminates when the number decreases to less than 5 or 6.
Nevertheless, a large body of experimental literature has appeared in which the
mechanism of sustained fibrillation is assumed to be that described by the multiple

wavelet hypothesis (79-86).
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1.4.6.2 Recent Support for Primary Generator—Sources Hypothesis of AF

The following sections review recent experimental findings. While multiple independent
wavelets are commonly observed, significant organization often appears to underlie
global activity. This latter finding suggests a stable source generating AF, although a
multiple wavelet mechanism cannot be excluded in all cases.

1.4.6.2.1 Mapping of Wavelets and Sources

Chen et al. have provided the most in depth experimental quantification of the initiation,
propagation, and termination of wavelets produced by wavebreak during AF (87). A
novel phase analysis technique was used to characterize wavelets in a sheep model of
cholinergic AF (40% of atrial area observed), on the basis of wavelet phase singularities.
Briefly, a phase singularity is defined as a point around which an arbitrarily small
neighborhood contains all phases of a waveform (88). A phase singularity may be
thought of as the point on the edge of a wavebreak where the depolarizing front and
repolarization tail meet, located at the instantaneous center of rotation of reentry circuits
(87). It was found that the majority of phase singularities were short-lived. The mean
phase singularity (n=554) lifespan was 19.5+18.3 ms with a range that varied from 8.33
to 200 ms. Most (98%) of phase singularities lasted for <1 rotation (~85 ms). It was also
found that the number of waves that entered the mapping field (15.7+1.6) significantly
exceeded the number that exited (9.7+1.5). If wavebreak and the resulting wavelets were
maintaining AF, the number of wavelets exiting the field of view would have been
expected to exceed the number entering. Finally, the spatial distribution of wavebreaks
was compared to the Poisson distribution, which is characteristic of randomly occurring

events. A significant difference was found in all four lefi-right atrial pairs analyzed,
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indicating that the patterns of wavebreak were non-randomly distributed in space (87).
Taken together, these results suggested that AF was not sustained by the multiple wavelet
mechanism in this model, but was more likely the result of high-frequency organized
waves.

Schuessler et al. first demonstrated experimental AF arising from a single,
relatively stable circuit, where the maintenance of AF was associated with a significant
level of organization (89). In an in vitro study of cholinergic AF, the number of circuits
and wavelets increased with increasing [ACh], but activity was only sustained at high
concentrations when a single, relatively stable circuit emerged and dominated activity.
The wavelet count was greatest following stabilization. These data suggest that ACh
potentiates breakup while exerting a considerable organizing influence on fibrillatory
dynamics, and that AF maintenance may depend on the strength of the organizing effect.
A similar organizing influence is evident in the findings of Kumagai et al., where an
interdependence between unstable and short-lived circuits (ie, mother waves) and
resulting daughter wavelets was observed (90). Ongoing breakup of unstable circuits
formed multiple independent wavelets that were continuously re-forming unstable
circuits.

Similarly, using a combination of high-resolution video imaging with
Langendorff-perfused sheep hearts (n=6), Skanes et al. identified sequences of temporally
periodic wave fronts propagating with similar spatial patterns of propagation
(spatiotemporal periodicity) emanating from relatively stable sources generating AF (91).
In the majority of cases, periodic waves were seen to enter the mapping area from the

edge of the field of view. In specific examples, sources of periodic activity were seen as
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rotors in the epicardial sheet or as periodic breakthroughs most likely representing
transmural pectinate muscle reentry. Sources were localized to the left atria and
spatiotemporal periodicity was detected in the right atria in only 60% of cases, indicating
that activity was much less organized at sites distal to the source. It was concluded that
reentry in anatomically or functionally determined circuits forms the basis of
spatiotemporal periodic activity during AF. Likewise, Mandapati et al. analyzed optical
recordings of dynamics during 35 episodes of ACh-related AF in Langendorff-perfused
sheep hearts (n=7) (92). Sources of AF were visualized as periodic rotors in the posterior
left atria (n=14 episodes), with the mean core (defined in Section 1.4.7) perimeter and
area measuring 10.4+2.8 mm and 3.8+2.8 mm?, respectively. Spatiotemporally periodic
propagation patterns were observed in the surrounding tissue. It was concluded that stable
microreentrant sources are the most likely underlying mechanism of AF in this model.
Elsewhere, observations of AF arising from spiral wave sources demonstrate that spiral
wave meander may amplify the turbulence of fibrillation (65; 67).

1.4.6.2.2 Frequency Analysis of AF Electrograms and Signals

Frequency analysis using fast Fourier transforms (FFTs) of electrograms or optical
signals (potentiometric dye fluorescence) recorded during AT has been widely used in
conjunction with direct visualization to gain insights into global AF dynamics. Briefly,
FFTs show the relative contributions of all frequencies involved in a complex waveform.
FFT power spectra are displayed with frequency (Hz) along the horizontal axis and the
power content of each frequency represented by the vertical axis (as may be seen in Fig.
3 of Ref. (92)). Those frequencies making the greatest contributions appear as discrete

spectral peaks. The dominant frequency is the peak with greatest power amplitude, and
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corresponds to the primary rate generating the waveform. Bandwidth refers to the range
of frequency content. Spectra bounded by a small number of closely spaced peaks are
said to be narrow-banded. The waveform arising from a single, uninterrupted periodic
frequency represents the simplest case of maximal organization. In this scenario, the
dominant frequency is the slowest peak, with faster peaks occurring in integer multiples
of the dominant frequency. These faster peaks represent higher harmonics of the
dominant frequency, and each occurs at progressively decreasing power over the
physiologically relevant range (typically <60 Hz). Such spectra may arise from periodic
waveforms in cardiac tissue (see Fig. 5B of Ref. (92)), where the uniform rate is
evidenced by the lack of significant power between the harmonics. In contrast, the
spectral profile of a totally random waveform is broad-banded and indistinct, with no
discernable dominant frequencies or harmonics.

Skanes et al. computed FFTs of both electrograms and optical signals recorded
during AF (91). Spectral profiles displayed a narrow-banded range of frequency content
containing multiple discrete peaks with a single dominant frequency in all cases (mean,
9.442.6 Hz; cycle length, 106+26 ms). The cycle length of spatiotemporally periodic
waves correlated with the dominant frequency of their respective optical pseudo-
electrograms (left-atria: R?=0.99, slope=0.94 [95% CI, 0.88 to 0.99]; right-atria: R?=0.97,
slope=0.92 [95% CI, 0.80 to 1.03]), and the dominant frequency of the left atrial pseudo-
electrogram alone correlated with that of the global bipolar atrial electrogram (R*=0.76,
slope=0.75 [95% CI, 0.52 to 0.99]). In specific examples, sources of periodic activity
were seen as rotors in the epicardial sheet or as periodic breakthroughs that most likely

represented transmural pectinate muscle reentry (discussed Section 1.4.3.1). However, in
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the majority of cases, periodic waves were seen to enter the mapping area from the edge
of the field of view. It was concluded that reentry in anatomically or functionally
determined circuits forms the basis of spatiotemporally periodic activity during AF, and
that the cycle length of sources in the left atria determines the dominant peak in the
frequency spectra in this experimental model (91).

Mandapati et al. extended these techniques, using an interactive offline approach
for rapid preliminary identification of the dominant frequencies of 14 electrogram sites
throughout the atria, a biatrial electrogram, and pseudoelectrograms of each optical
recording (92). This permitted identification of the site with highest dominant frequency,
which was most likely to contain the generator region. A roving electrode was then used
to carefully explore the atrial endocardium/epicardium in the vicinity of the highest
dominant frequency site. The specific site of origin of the periodic activity was
determined as: 1. the source/site possessing a rapid periodic electrogram, with 2. its FFT
revealing a single peak. As discussed above, this latter criterion refers to the purity of the
signal, implying that activity at that site was driven, without interference, by only one
frequency, as would be expected at a site immediately adjacent to a primary source. All
35 AF episodes were analyzed in this way. Mean left and right atrial dominant
frequencies were 14.7+3.8 and 10.3+2.1 Hz, respectively, demonstrating that activity was
most rapid in the left atria. Spatiotemporal periodicity was seen in the left atria during all
episodes. In 5 of 7 experiments, a single site having periodic activity at the highest
dominant frequency was localized, most often to the posterior left atria (80%), near or at
the pulmonary vein ostium. A representative experiment is depicted in Figs. 4 & 5 of Ref.

(92). Figure 5 shows an optically recorded activation map of a reentrant source in the left
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atria, with nearby action potentials (and corresponding FFT analyses) revealing periodic
activity at surrounding sites. Figure 4 shows electrograms and FFTs recorded at sites
throughout the atria. All frequency spectra contained discrete peaks, suggesting
spatiotemporally periodic activation at that location. Electrograms were regular (flutter-
like) and dominant frequencies were fastest near the primary source at the base of the left
atria. Signals were increasingly disorganized, yet generally narrow-banded, and became
progressively slower at distal sites as not all conduction pathways were able to capture
the rapid rate of the source in a 1:1 manner.

Berenfeld et al. provided a systematic quantification of the spatial distribution of
dominant frequencies of local excitation on the epicardium of the right atrial free wall
and left atrial appendage of the isolated sheep heart during AF (93). Video movies of the
right and left atria were obtained and spectral analyses performed on movie signals to
construct dominant frequency maps. These studies demonstrated that AF may be
characterized by multiple discrete domains with distinct dominant frequencies on the
atrial epicardium. Acceleration of AF at increased ACh concentrations increased the
number of domains and the dominant frequency variance, indicating an increase in
turbulent aperiodic behavior. The left atrial activity was faster and more homogenous,
with a smaller number of dominant frequency domains compared to the right atria,
suggesting that the sources for the impulses were localized to the left atria. Consistent
with results elsewhere (91; 92), spectral profiles at individual sites were either highly
organized or narrow-banded. These data revealed, for the first time, hidden organization,

independent of the activation sequences or nature of electrograms. This finding suggested
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that AF results from high-frequency impulses that undergo spectral transformations, with
more transformations (implying greater heterogeneity) at faster rates (93).

In a related study, Karagueuzian et al. introduced two bipolar and one quadripolar
electrode catheters with interelectrode distances of I cm into canine right atrium through
the left internal jugular vein, positioned in the high, mid, and low atrial endocardial
surface under fluoroscopic control (94). Recordings were made during AF, and it was
found that electrogram morphology changed over time at a given site. FFTs showed
peaks niostly below 15 Hz that were either discrete (narrow banded) with clear harmonic
components, or had continuous (broad banded) spectra that changed in a time and site
dependent manner. Phase plane plots (plot of voltage versus rate of change of voltage)
varied with respect to time and location, however the morphology of these plots often
inscribed well-defined structure, suggesting dynamics compatible with deterministic
chaos, rather than random dynamics. The absence of discernable structure in certain cases
is compatible with a multiple wavelet mechanism and consistent with studies by
Mandapati et al. (discussed above), where evidence of spatiotemporal periodicity was
only observed in 60% of cases (92).

Jalife et al. performed computer simulation studies to gain insights into possible
mechanisms accounting for differences between left and right atrial electrogram spectral
profiles (73). It was assumed that the underlying mechanism of AF may be a highly
periodic stationary source located somewhere in the left atrium, and that the complicated
anatomy of the atria play an integral role in the development of fibrillatory conduction.
This scenario was represented in a mathematical model by mimicking the insertion of a

major pectinate muscle into the anterior wall of the right atria. The three-dimensional
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model (60x60x60 elements) consisted of a one-dimensional bundle (plane wave
propagation in a thick bundle) attached to a two-dimensional sheet (as is shown in Fig. 2
of Ref. (73)). The sheet was large enough to avoid boundary effects at the edges.
Modified FitzHugh-Nagumo kinetics were assigned to each element (95; 96). Briefly, the
FitzHugh-Nagumo model provides a highly simplified AP representation that does not
involve formulations of individual ionic currents, with the advantage that large
multicellular systems remain computationally tractable on a single-processor workstation.
Studies were conducted to evaluate the effects of periodic stimulation applied at the top
edge of the bundle as the impulses propagated downstream to invade the two-dimensional
sheet. It was found that as the period of stimulation and the bundle area was decreased,
the sheet responded less frequently because of block of certain impulses at the input
junction. The input:output frequency ratios changed from 1:1, when the bundle was thick
and the stimulation period was low, to 4:3, 3:2, or 2:1, when the bundle was relatively
thin and the stimulation frequency was high. In this way, with the exception of the
harmonic at ~16.8 Hz, the dominant frequency corresponded to the fastest rate, and the
largest secondary peaks fell at lower frequencies in integer ratios of the dominant
frequency. These results demonstrate how a single source (with a single period) may
generate narrow-banded frequency profiles in distant regions with additional frequencies
arising by virtue of intermittent block at junctional sites, offering a mechanistic
explanation for qualitatively similar frequency spectra observed experimentally (as in
Fig. 4 of Ref. (92)). Alternately, Gray et al. have shown that the Doppler phenomenon

provides a robust explanation for the narrow-banded frequency spectra characteristic of
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fibrillation arising from a single rapidly meandering spiral, as may underlie AF (see
Section 1.4.3.2) (63).

1.4.6.2.3 Statistical Studies of Randomness of AF Dynamics

Other investigators have applied rigorous statistical methods to provide evidence that AF
is not totally random. For example, Botteron and Smith demonstrated that closely spaced
bipolar recordings of atrial activation during human AF could be cross-correlated over
considerable distances (97). These authors fit the relationship between activations at
various points into a single decaying monoexponential function to derive the so-called
“activation space constant,” defined as the distance over which activation sequences
remain well correlated. The mean space constant was 2.6 cm (range, 1.5 to 6 cm) and was
stable over time during a given episode of AF. These results strongly suggested that there
was spatial organization over appreciable distances in the atrial endocardium during
fibrillation. Additional evidence for organization in AF has been presented by
Rosenbaum and Cohen, who quantitatively characterized the degree of atrial electrical
synchrony in patients with AF (98). Signal-averaged FFTs of multiple electrogram
segments of AF demonstrated a broad range of atrial synchrony. Consistent with these
studies, Gerstenfeld et al. have demonstrated transient “linking” during 1-minute episodes
of AF in humans (99). The term linking had previously been applied to the behavior of
macroreentrant circuits, whereby the fate of each successive impulse in the circuit was
functionally linked to the electrophysiologic sequelae of the previous beat (94; 100).
Using recordings acquired by orthogonal endocardial catheters, Gerstenfeld et al. (99)
calculated mean vectors for each electrogram. Two successive electrograms were

considered to be “linked” if their direction varied by <30°. Episodes of six successively
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linked electrograms were considered evidence of transient linking during AF. Recordings
from most patients demonstrated that the number of linked electrograms ranged from 6 to
14. By statistical analysis, this was considered strong evidence for linking over multiple
cycles during AF.

1.4.6.2.4 Localization and Properties of Primary Sources

Studies by Skanes et al. (91) and Mandapati et al. (92), discussed in Sections 1.4.6.2.1
and 1.4.6.2.2, demonstrated AF arising from a discrete periodic source with complex
patterns of conduction block and wavelet activity, where periodic sources were often
localized to the left atria. Based on these results, Mansour et al. hypothesized that
impulses emanating from sources in the left atria produce local activation at progressively
lower frequencies as they propagate away from these sources, resulting in a frequency
gradient between the left and right atria (101). In such a case, interatrial pathways such as
Bachmann’s bundle and the inferoposterior pathway, which runs along the coronary
sinus, would be expected to act as preferential routes for left-to-right propagation of
fibrillatory impulses. FFTs of optical and bipolar electrode recordings were performed
with the use of a sheep model of cholinergic AF. At baseline, a left-to-right decrease in
dominant frequencies occurred along Bachmann’s bundle and the inferoposterior
pathway, resulting in a baseline gradient of 5.7+1.4 Hz. Left-to-right impulse propagation
was present in 81+£5% and 80+10% of cases along each pathway, respectively. Increasing
ACh concentration resulted in an acceleration of left atrial frequencies, with a resultant
increase in the frequency gradient from 4.9+1.8 to 8.9+1.8 Hz. Ablation of both pathways
decreased right atrial dominant frequencies from 10.9+1.2 to 9.0+1.5 Hz, without

affecting left atrial dominant frequencies (16.8+1.5 Hz versus 16.9+1.8 Hz) (101). Taken
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together, these results demonstrated for the first time that fibrillatory conduction away
from left atrial sources result in a left-to-right frequency gradient, strongly supporting the
hypothesis that AF is the result of high-frequency periodic sources in the LA with
fibrillatory conduction away from such sources. In a study addressing the ionic basis for
why the left atria may support faster frequencies than the right atria, Li et al.
demonstrated that left atrial myocytes tend to have larger Ix, current, and therefore
shorter refractory period (102). This would permit higher rates of activation in the left
atria, and may explain why reentry circuits in the left atria often dominate AF. This latter
result raises the interesting possibility that drugs targeting I, channel blockade (ie,
dofetilide) may specifically destabilize reentrant sources in the left atria, thereby
profoundly alter AF and contributing uniquely to AF termination.

Morillo et al. obtained similar results in a canine model of chronic AF induced by
6 weeks of continuous rapid atrial pacing at 400/min (103). Right atrial ERP was
significantly shortened after pacing, from 15048 to 127+10 ms (cycle length 400 ms) and
from 147+11 to 12312 ms (cycle length 300 ms). This finding, together with increased
atrial area (40%), was highly predictive of sustained AF (88%). Mean AF cycle length
was significantly shorter in the left atria (8148 ms) compared with the right atria (9449
ms), with an area of the posterior left atria consistently having the shortest cycle length
(7445 ms). Additionally, AF was terminated and no longer inducible in 9 of 11 dogs after
serial cryoablation of this area. These results strongly suggest that a discrete source in the
left atria may also be driving AF, thereby adding to findings in Refs. (91; 92; 101), as AF
mechanisms in this pathological context may well be similar to cholinergic AF (see

Sections 1.5.1 & 1.5.2).
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The left atrium is also implicated in containing sources driving clinical AF. In 11
patients with chronic AF (AF duration 8.0+4.5 years), the mean AF cycle length ranged
from 129 to 169 ms in the right atria and from 114 to 139 ms in the left atria (104).
Regular and repetitive activation was found in the left atria of 7 of 11 patients, and AF
disappeared in 10 patients (AF-free rate, 91%) following a simple ablation procedure
exclusively targeting the left atria. In a related study, 10 patients with chronic AF were all
found to have regular and repetitive activation originating in the left atria (105).
Interestingly, two patterns of repetitive activation in 2 patients and three patterns in 1
patient appeared alternately during the observation period, suggesting an evolution in the
behavior of the source or that multiple sources with intrinsically different properties were
sharing generator function. In contrast to the repetitive activation in the left atria, the
activation sequence of the right atria was described as extremely complex and chaotic. In
7 of 10 patients, the same pattern of right atrial activation was never repeated during the
observation period. In 2 patients, revolution of repetitive activation in the right atrium
sporadically appeared, but the pattern of activation immediately deteriorated to a complex
and chaotic pattern (105). Similarly in the context of mitral valve disease, the left atria
acted as an electrical driving chamber, with both dominant repetitive activation and
sporadic complex activation in different patients (106). The latter observations suggested
that some ongoing process of self-organization was occurring in regions distal to the
source. Similarly, in 9 patients (age, 38+7 years) suffering from paroxysmal AF, Jais et
al. determined that all arrhythmias were due to a single focus firing irregularly and
exhibiting a consistent and centrifugal pattern of activation (107). Six of 9 foci were

located in the left atrium at the ostium of the right pulmonary veins (n=5) and at the
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ostium of the left superior pulmonary vein (n=1). All patients were successfully treated
by radiofrequency ablation of generator-type foci. Based on similar findings in a canine
model of chronic AF, Wu et al. concluded that the faster rate in the left atria may be due
to the close proximity of the left atria to AF sources associated with the pulmonary veins

and the ligament of Marshall (108).

1.4.6.2.5 Insights into AF Mechanisms from the Surgical Treatment of AF

In his recent editorial, R. Schuessler comments on evidence for a multiple wavelet
mechanism versus a generator-based mechanism of AF obtained from the surgical
treatment of AF (109). Indeed it was Moe’s multiple wavelet mechanism (71; 72), with
additional observations (110), that provided the scientific rationale for the maze
procedure by this group (111). Subsequently, Cox et al. (112) reported excellent long-
term results, with >90% of patients free after >10 years of follow-up. Briefly, the maze
procedure consists of a series of atrial incisions that channels sinus node activation of
both atria into an approximately normal sequence, while attempting to eliminate
sufficient space for any reentry to occur. The maze procedure has been performed at an
increasing number of institutions worldwide, with 80% to 90% of patients rendered AF
free (113-116). Interestingly, both the Mayo Clinic (114) and the combined Japanese
experience (116) found an increased failure rate for the maze procedure with increased
left atrial size. These results suggest that if the left atria is large enough, even after the
maze procedure, an adequate substrate remains for the initiation and maintenance of AF.

Although application of only right atrial incisions in patients with AF has resulted in little
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success in the general population, the right atrial maze procedure is effective in
eliminating AF in patients with isolated tricuspid disease and enlarged right atrium (114).
While these observations seem consistent with the multiple wavelet hypothesis,
they may also be explained by focal mechanisms. It is not entirely clear why atrial size
would affect single-source AF caused by stable microreentrant circuits or other
nonreentrant mechanisms. A number of studies demonstrated that many such foci are
within the pulmonary veins and that, in some cases, very limited ablation eliminates AF
(117). It has also been shown that a source within a vein may continue to activate rapidly
after isolation from the body of the atria, as it did when it was generating fibrillation in
the intact atria (118). Other observations by Schuessler et al. may explain why tissue size
and shape are sometimes important in the context of focal sources (109). While
intraoperatively mapping a patient with AF originating from a single source, the site of
the source was observed to change. It did not migrate, but spawned an additional source
several centimeters away. Both sources were present for two cycles, before the second
site became dominant. Likewise, Nitta et al. reported as many as four different “focal”
sources within a few minute period (119). This suggests that within the generator region
of AF, new reentrant sources may develop and assume dominance. Except for the period
of transition, a single quasi-stable source drives fibrillation. If this model is correct, then
atrial size would be important, because increasing size would increase the number of
possible sources that can develop, increasing the probability that a source will persist and
sustain AF. In cases where individual sources are intrinsically unstable, the focal
mechanism of AF is somewhat analogous to the multiple wavelet mechanism in that focal

AF would be more stable when there is ongoing multiplication of potential sources.
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Schuessler (109) raised many unanswered questions regarding the nature of sources, such
as: What are the life times of a source? What causes the transition from one source to the
next? What contributes to the stability of a source? Is pure multiple wavelet AF possible?

These questions remain for future experimental and theoretical evaluation.

1.4.7 Biophysics of Wavelet Formation and Behavior

With the mechanisms of AF generation and the resulting formation and propagation of
individual wavelets in mind, local electrophysiological dynamics during AF may be
understood in terms of the biophysical properties of excitable media. Assuming that
somewhere in the atria there exists a dominant reentrant source that radiates high
frequency impulses into a heterogeneous myocardium, emanating wavefronts encounter
both functional (e.g. a region of cell with relatively long refractory period) and
anatomical (e.g. a scar) obstacles, causing wavebreak (break points also known as “phase
singularity” points). Such points of incidental wavebreak are necessary for reentry
initiation and the formation of independent wavelets (wavefront fragments bordered by
two phase singularities) (87).

In the case of anatomical obstacles, wavebreak occurs against the obstacle and the
two broken ends of the wavefront proceed to circumnavigate the obstacle. As discussed
by Jalife et al., when excitability is sufficiently high (as occurs when sodium channels are
fully functional and the cycle length of the source is sufficiently slow) the two broken
ends of the wavefront come back together and fuse such that the wavefront recovers its
previous shape and moves on (120). No reentry or wavelet formation results in this case.

Alternately, when excitability is sufficiently low, due to sodium channel inhibition or a
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sufficiently rapid excitation frequency, the free ends may not re-fuse (ie, vortex shedding
by obstacle). In this case, curling of the two free ends may initiate functional reentry
consisting of two counterrotating waves (figure-of-eight reentry), provided the distance
between the two phase singularities is sufficiently large such that the rotations continue
successfully without mutually annihilating. Functional obstacles, which may be residual
regions of refractoriness from preceding wavefronts, behave similarly to anatomic
obstacles, as broken wavefronts also circumnavigate these regions and either fuse or form
counterrotating reentry waves. In the latter case, the initiation of reentry may be
facilitated by repolarization of the obstacle during the time of circumnavigation, such that
the area occupied by the original obstacle becomes part of the reentry pathways.

Why wavefront rotation occurs at phase singularity points may be understood in
terms of the reaction-diffusion events driving wavefront propagation. Potential gradients
provide energy for propagation, and arise from the potential difference between excited
cells and downstream refractory tissue, The size of the gradient is proportional to the
amplitude of the AP upstroke. This is largely determined by the magnitude of the fast
sodium current (In,), which is also a primary determinant of conduction velocity and the
safety factor for successful propagation (121). At the point of wavebreak (the phase
singularity point), all phases of the action potential become singular, or are
indistinguishable. Consequently there is no driving force for propagation at the tips of
broken waves, such that forward propagation abruptly stops while proceeding at
progressively higher velocities along the wavefront as the distance from the phase
singularity increases. The wave thus develops a convex curvature that reaches a

maximum at the phase singularity. At this point, the curvature is so steep that activation
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of the tissue ahead fails and the wave begins to rotate (122). The phase singularity
therefore acts effectively as a pivoting point and leads to the formation of a rotor. The
trajectory of the phase singularity is theoretically limited by a critical curvature for
propagation, which determines the smallest possible size of the core (area circumscribed
by the trajectory of a phase singularity) (68; 122; 123). For a given value of intercellular
resistance and coupling anisotropy, the critical curvature is a consequence of the
magnitude of the source-to-sink potential gradient, where larger sources allow for greater
wavefront curvature as sufficient propagation energy is available for conduction to a
larger sink region. For this reason, sodium channel inhibition, by reducing the size of the
source, is associated with an increase in core size (123) (see Section 1.6.4). During AF,
phase singularities often follow wider reentry pathways than predicted by conduction
theory, as residual refractory tissue from the previous reentry cycle may act as a
functional obstacle, forcing the circuit into a larger trajectory.

In this way, AF dynamics in the periphery of generator regions are determined by
patterns of wavebreak, where every break results in the formation of two phase
singularity points which tend to counterrotate. The actual evolution of each phase
singularity is determined by regions of variable refractoriness or excitability (largely a
function of the excitation history), preferential conduction pathways defined by tissue
geometry and fiber orientation, the distance between related phase singularity points
(often determined by the size of the obstacles from which they form), and the presence of
tissue borders. Although the direction of changes at each instant in time may be
anticipated based on the relative contributions of these effects, it is readily apparent why

the prediction of propagation patterns during AF is difficult (short term), or essentially
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impossible (long term). It is also not surprising that while the dynamics of AF may be
very complex and seemingly random, activity may also be significantly organized. In
fact, the complicated anatomy and heterogeneous electrophysiology of the atria may
dictate that repetitive activations seen during AF are constrained to preferred routes of

propagation.

1.4.8 Utility of Historical Concepts

Aspects of many historical paradigms of fibrillation (Section 1.4.3) are consistent with
recent observations of AF mechanisms. Situations giving rise to Mines’ closed-circuit
reentry (50) may arise around macro-type structural obstacles (64), may be created by
sutures or scars (124; 125), or may arise naturally from valve orifices (126) and the great
veins (127). Activity tends to be very regular, or flutter-like rather than AF-like, although
wavefronts emanating from these stable circuits may breakup into independent wavelets
as occurs during AF (87; 89). The pulmonary veins are highly arrhythmogenic (107; 128;
129), likely supporting AF as focal sources of hyperexcitability and by anchoring closed
circuits. Garrey’s functionally-determined circuits (47) are also recognized to be of great
importance, but often in the context of drifting spiral waves (65; 67) and Lewis’ mother-
wave AF mechanism (87; 91; 92), rather than true multiple-circuit AF, and these
functional circuits may at times be stabilized by closed circuits around atrial
microstructures such as the pectinate muscle bundles (58; 130). Apart from the initial
report of the leading circle mechanism (59), a reentry circuit that continually produces
centripetal wavelets has not been observed elsewhere, and high-density mapping data

have been presented that provide direct evidence for the presence of spiral wave reentry
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with an unexcited but excitable core (66). However, the rate of functional reentry during
AF (as indicated by the AF cycle length) is directly related to the refractory period (131).
This is consistent with predictions of the leading-circle model (132), and hence our
understanding of AF has benefited from this conceptualization. Thus, modern
observations of AF mechanisms represent very new insights into very old ideas, raising

new questions while demonstrating the relevance of old ones.

1.5 Physiological and Pathological Determinants of AF

Sustained AF is known to occur in the context of high vagal tone (acute physiological
alteration), chronic AF (chronic pathological alteration), and congestive heart failure
(chronic pathological alteration). While many of the mechanistic observations reported in
the preceding sections were made in the setting of vagal AF, as experimental models of
this type are readily obtainable, others, including many clinical findings, were made in
the context of sustained atrial tachycardia or chronic AF. While fibrillation in each
context may share mechanistic similarities, AF may also be fundamentally different

between contexts.

1.5.1 Vagally-mediated AF

Cholinergic mechanisms have long been known to play an important role in the
occurrence and maintenance of AF. In 1914, Rothberger & Winterberg showed that vagal
stimulation converted atrial flutter into fibrillation (133), and Garrey cited the work of

numerous investigators who established in the early twientieth century the AF-promoting
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role of vagal-nerve activation (47). Vagally-related AF is primarily mediated by the
induction of an acetylcholine (ACh)-activated repolarizing potassium current (Ixcacn)),
causing AP shortening and abolished AP rate adaptation (134). Abolished rate adaptation
implies that even at slow rates, AP duration (and therefore refractory period) is very
short. Shortening at all rates increases the proportion of excitable tissue, thereby
predisposing to the initiation of AF while enabling the atrial substrate to support
sustained fibrillation.

Evaluated in terms of distributed properties, these changes manifest as a
progressive decrease in atrial effective refractory period that occurs in a spatially
heterogeneous way (135; 136), thereby producing functional obstacles sufficient to cause
wavebreak at rapid rates. Increases in refractoriness heterogeneity appear to be
particularly important in the AF-promoting effects of vagal stimulation (131; 137). ACh
is also known to accelerate the rate of reentry and AF (59; 67; 89; 93; 101). A 0.1 uM
increase in ACh concentration may increase the global dominant frequency from 9.8 to
13.7 Hz (~250 ms cycle length speedup) (93). This change was associated with a clear
increase in the number of dominant frequency domains in the right atria, while the left
atria seemed more able to sustain high frequencies without fractionation. The atrial
repolarization heterogeneity-promoting effects of vagal stimulation may be caused by
patchy distribution of vagal nerve terminals and acetylcholine receptors; however,
unmasking of underlying cellular action potential heterogeneity by reducing the space
constant may also play an important role (138). The vagally mediated decrease in
refractory period reduces the wavelength and the size of potential reentry circuits, so that

AF more resembles multiple-circuit reentry (132; 138-140) (wavelength theory discussed
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in Section 1.6.1). These vagally-mediated changes increase the duration of induced AF,
with moderate vagal stimulation often permitting AF to be sustained indefinitely. In
addition, vagal stimulation greatly promotes the initiation of AF by single premature
atrial activations. This action also appears to depend both on refractoriness shortening at
the site of premature impulse generation and on heterogeneous effects that cause the
premature wave front to block in a region with a lesser degree of refractoriness

abbreviation (131).

1.5.2 Chrenic Tachycardia-related AF
A particularly important recent development in our understanding of the mechanisms of
AF was the demonstration that AF alters the atrial electrophysiological milieu in a way
that promotes its own maintenance. Wijffels et al. (141) very elegantly demonstrated that,
when AF is maintained in goats by electrical-burst stimulation whenever sinus rhythm
supervenes, the interval between spontaneous reversions increases progressively from
several seconds to hours or even days when AF is maintained for up to 2 weeks (see Fig.
4 of Ref. (54)). The ~10-fold atrial rate increase caused by AF is the primary stimulus to
remodeling, and similar changes are produced by any form of sufficiently-rapid atrial
tachycardia (141). Wijffels et al. have very descriptively coined this self-promoting
phenomenon “AF begets AF” (141).

The basis for the self-promoting nature of AF arises from a compensatory process
called “electrical remodeling” (142). A 10-fold increase in atrial rate substantially
increases cellular Ca®*-loading (143). Progressive Ca*-loading threatens cell viability:

the cell responds to minimize the impact of increased rate on intracellular Ca®* load.
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Short-term defense mechanisms include voltage- and intracellular [Ca®*]-dependent
inactivation of I, (144). Over the longer term, decreases in mRNA encoding the pore-
forming I, o~subunit occur (145-147), decreasing I¢, (148-150). Both short- and long-
term decreases in Ic, reduce Ca’ +-entry and help to prevent Ca®" overload. Since Icaisa
key contributor to the action potential plateau, reduced I, decreases APD, thereby
promoting the induction and maintenance of AF by multiple-circuit reentry(151). In
addition to sarcolemmal changes in Ca* transport, subsarcolemmal Ca*"-handling is also
impaired following rapid pacing (152). Ca2+-hand1ing alterations decrease systolic Ca**-
release, in association with altered concentrations of intracellular Ca**-handling proteins
(147; 153). In, also appears decreased, possibly contributing to slowly-developing atrial
conduction slowing that may help to promote AF (154; 155). I, is decreased (148; 150;
156) and Ix; may be altered (150; 156). These findings suggest the idea that these
alterations may represent an adaptation to preserve overall intracellular ionic
homeostasis. Overall, Ic; is reduced by 69% and I, by 65% in dogs subjected to 42 days
of rapid atrial pacing, resulting in AP shortening and totally abolished rate adaptation
(148). Presently it is not clear whether sarcolemmal ion channel alterations fully account
for abolished rate adaptation or whether subsarcolemmal alterations are also involved.
Evaluated in terms of distributed propertics, AF-related remodeling manifests as a
progressive decrease in atrial effective refractory period (thus tending to decrease the
wavelength for reentry), and a progressive decrease in the AF cycle length, an indicator
of refractory period during AF (103; 141; 151; 157). Changes induced by remodeling are
spatially heterogeneous, increasing the heterogeneity in atrial refractory properties (158).

As in vagally-mediated AF, the combination of decreased wavelength and increased
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heterogeneity would be expected to promote multiple-circuit reentry, and epicardial
mapping studies have provided evidence for a progressive increase in the number of
apparent reentry waves during AF as atrial tachycardia-induced remodeling develops
(151). In this way, the AF-promoting changes resulting from tachycardia-induced
remodeling are qualitatively similar to ACh-related alterations during vagally-mediated
AF (Section 1.5.1): refractory period is shortened and rate adaptation is abolished, while
the spatial heterogeneity of refractory period is increased. This suggests that, although the
cellular mechanisms underlying these alterations are entirely different, the tissue-level
mechanisms of AF induction and maintenance in these contexts likely share many

qualitative similarities.

1.5.3 Congestive Heart Failure (CHF)-related AF

CHF is one of the strongest clinical predictors of AF (159). CHF is a ventricular
pathology that may be induced in canine models by rapid ventricular pacing at ~230/min
for 35 days (160). This ventricular manipulation impacts on the atria, inducing
remodeling different from that produced by atrial tachycardia. Li et al. found that the
density of I¢, is reduced by approximately 30%, I, by approximately 50%, and I, by
approximately 30% without altering their voltage dependencies or kinetics (160). CHF
also increased transient inward NCX current by approximately 45%. Despite these
extensive changes, the AP duration of atrial myocytes was not altered at slow rates but
was increased at faster rates, paralleling in vivo refractory changes. Histological
examination revealed extensive interstitial fibrosis (connective tissue occupying

12.8+1.9% of the cross-sectional area) in CHF dogs compared with control (0.8+0.3%)
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and dogs subjected to rapid atrial pacing to mimic chronic AF (0. 9+0.2%) (161), and
CHF dogs had a substantial increase in the heterogeneity of conduction during atrial
pacing (heterogeneity index in CHF dogs, 2.76+0.16 versus 1.46+0.10 for control and
1.51+0.06 for RAP dogs; P<0.01) owing to discrete regions of slow conduction. These
changes enhanced atrial arrhythmogenicity, as the duration of AF induced by burst
pacing increased (from 8+4 seconds in control dogs to 535+82 seconds; P<0.01), similar
to the effect of 1 week of rapid atrial pacing (713+300 seconds) (161). Similarly in CHF
patients, sclerotic patches and diffuse fibrotic displacement of the cardiac muscle are
commonly found in those most vulnerable to AF (162). CHF-related AF appears, at least
in some instances, to arise from a single macro-reentrant circuit (163). This result
contrasts with the promotion of multiple circuit reentry in the contexts of vagally-
mediated AF and chronic tachycardia-related AF, as CHF-related AF seems to arise from
increased interstitial fibrosis, rather than effects on AP properties and the refractoriness
distribution. These differences may imply variability in the efficacy of antiarrhythmic

drugs and the mechanisms of pharmacological AF termination between contexts.

1.6 Pharmacelogical Antiarrhythmic Therapy

1.6.1 Wavelength Theory

To terminate AF, antiarrhythmic drugs attempt to block cellular ion channels, changing
AP properties (Section 1.3) so as to influence multicellular wavefront dynamics (Section
1.4.6) and disrupt the mechanisms of fibrillation (Sections 1.4.4 & 1.4.5). Classical goals

of pharmacological antiarrhythmic therapy are rooted in the concept of the wavelength of
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reentry. The concept of wavelength is not limited to leading-circle reentry (Section
1.4.3.2) but is central to all reentry processes discussed above. The wavelength (WL), or
minimal path length required to support reentry, is the product of the conduction velocity
(CV) and refractory period (ERP) (164), i.e. WL=ERPxCV (50; 60; 165). The
wavelength is thought to represent the space occupied by functional reentry circuits, and
therefore determines the number of circuits that may be accommodated in a given size of
atria at any one time. If the wavelength during AF is relatively large, the reentrant circuits
would be large and tend to mutually annihilate, making fibrillation short-lasting. If the
wavelength during fibrillation is short (i.e. slowing of CV or shortening of ERP), reentry
circuits would be accommodated and fibrillation would tend to be stable. Wavelength
theory accurately predicts the stability of AF in the contexts of vagally-mediated AF
(Section 1.5.1) and chronic tachycardia-related AF (Section 1.5.2), as ERP (and therefore
wavelength) is markedly shortened in both cases (164). Classical notions of
pharmacological antiarrhythmic therapy predict that interventions causing the greatest
increase in the wavelength will be most effective in terminating AF (132). Consequently,
the primary goal of antiarrhythmic therapy is often to prolong AP duration, thereby

increasing ERP and the wavelength of reentry to terminate AF.

1.6.2 Classification of Antiarrhythmic Drugs

The Vaughan Williams classification scheme defines 4 classes of antiarrhythmic drugs
based on drug action, which may be effective in both atrial and ventricular tissue. Class I
and IIT drugs are effective in AF termination, with the AF terminating efficacy of class I

drugs being somewhat greater than that of class IIl agents (166). Class III drugs block K*
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channels, and consistent with classical WL theory, this directly prolongs the ERP to
terminate AF. Alternately, class III drugs may be used to prevent arrhythmia induction by
reducing the proportion of excitable tissue available for reentry initiation (see Section
1.4.3). Class Il drugs may target a variety of channels and channel combinations (I,
Ikur, Ixr, Iks, and Ixg [Section 1.3]), each with variable AP-prolonging potential. Class III
drugs also offer the possibility of treating AF while minimizing effects on ventricular
electrophysiology, as Ixy is expressed in atrial, and not ventricular myocytes. However,
class III drugs are severely limited in AF, as many agents display “reverse use
dependence”, meaning that channel blocking potency is reduced at the rapid rates of AF.
To date, Class I drugs have been the most clinically successful, yet also the most
poorly understood class of AF terminating drugs (166). Class I drugs block the fast
sodium channels (Ina), thereby reducing electrophysiological excitability (Section 1.3).
This reduces the upstroke velocity and amplitude of the action potential and conduction
velocity, and may manifest as a widening of the QRS complex on the electrocardiogram
(167). Decreased excitability may suppress spontaneous premature contractions,
decreasing the likelihood of reentry initiation. In contrast to class III drugs, class I agents
may benefit from “use dependence”, meaning that channel blocking potency is enhanced
at the rapid rates of AF (1; 168; 169). It is possible that sodium channel blockade
accumulates very rapidly during AF, with rapid unbinding of class I agents following AF
termination such that the level of channel inhibition at the time of termination would be

difficult to assess.

46



1.6.3 Effects of Class I Drugs on Arrhythmia Dynamics

The success of class I drugs is surprising because these agents may convert AF without
changing (125; 170; 171) or while decreasing the wavelength of reentry (82; 172). Class I
efficacy may instead be due to decreased excitability rather than wavelength alteration
(82; 125; 171-173). Class I drugs consistently prolong ERP (79; 80; 125; 171-175) and
may reduce vagally-enhanced ERP heterogeneity (176), thereby countering fibrillation.
However, the effects of class I agents on ERP may not parallel AP changes, as AP
duration may be decreased (177), unchanged (80; 174; 175), or increased (140; 175; 177-
179) by the drug. ERP increases exceeding AP prolongation may be due to the
development of “postrepolarization refractoriness” (80; 175). Experimental findings
indicate that class I drugs may increase circuit size and reduce wavefront density, thereby
slowing and organizing AF prior to cardioversion (123; 125; 174; 176; 180). For
example, in sheep ventricle Mandapati et al. determined that TTX may decrease
wavefront density by ~40% and that block may increase the core area of spiral wave
reentry, thereby increasing the rotation period and slowing and organizing associated
electrograms (123). It was demonstrated that these changes were due to decreased
excitability, comparable to what occurs during ischemia. Additionally, many
investigators have shown that sodium channel blockade also increases the variability in
reentry cycle lengths (80; 125; 140; 170; 171; 173). It is also known that the combination
of rapid rate and strong sodium channel inhibition may result in conduction failure and
regions of block along the reentry pathway (122; 173; 175; 181; 182), thereby forcing
circuits into larger trajectories. Block generally resulted in regions having a low safety

factor for propagation (173; 175), as are associated with sharply turning wavefronts
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(181), transitions from longitudinal to transverse conduction (182), and with associated
with changes in wavefront curvature (122). Presently it is not clear how these changes
contribute to AF termination. Alternately, it may be that some changes potentiate or

negate the AF-terminating actions of other effects.

1.6.4 Biophysical Consequences of Sodium Channel Inhibition

The effects of sodium channel blockade on local electrophysiogical mechanisms may be
understood in terms of biophysical principles described above in Section 1.4.7.
Propagation occurs when the current provided by excited cells (the source) is sufficient to
excite downstream cells (the sink). Sodium channel blockade decreases the magnitude of
Ina, thereby decreasing cellular excitability and reducing the available source (183). Ina
one-dimensional fiber, the source is adequate for propagation when a minimal length of
the fiber is simultaneously excited (184-186). Propagation may proceed in the presence
of sodium channel inhibition, but conduction velocity is reduced secondary to the
reduced excitability. In two-dimensional tissue, propagation occurs when a minimal area
is simultaneously excited (122). When the excited area is relatively large, propagation
may spread to more cells at rest, and the curvature of the wavefront is proportionately
arched. As the net excitation is decreased, the wavefront curvature flattens to reduce the
size of the downstream sink seen by the wavefront (122; 187). This is highly relevant to
spiral wave behavior because the wavefront curvature becomes very pronounced close to
the spiral wave tip. In control conditions, the critical radtus of curvature is relatively
small and the spiral wave rotates rapidly around a small core. After sodium channel

blockade, the critical curvature becomes large and the path followed by the spiral wave
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tip during one complete rotation is longer, resulting in increased size of the core and a
prolongation of the reentry period (123). Similarly, decreased excitability may explain
why sodium channel inhibition sometimes results in regions of block during transitions
from transverse to longitudinal propagation (122; 181; 182), as the safety factor for

propagation is characteristically lower in the longitudinal direction (121; 188-191).

1.7 Mathematical Models of Cardiac Electrophysiology

The most widely accepted mechanistic description of AF is based on the predictions of
the relatively primitive Moe computer model (72). Today, the predictions of this model
contradict many experimental observations of AF, however experimental studies also
remain inconclusive. The development of more sophisticated mathematical models of
atrial electrophysiology have provided many important insights into AP properties and
the mechanisms of AF, and may form the basis of a more realistic model of AF that

accounts for experimental observations.

1.7.1 Development of Mathematical Models of the Cardiac AP

The first mathematical model of the AP was developed by Hodgkin and Huxley in the
1950s to simulate the electrical behavior of the squid giant axon (192). Although the
electrophysiology of the cardiac cell is more complicated than that of nerve axons, early
efforts to mathematically represent the electrical activity of the cardiac cell were
motivated by the success of the Hodgkin-Huxley equations. As discussed by Guan et al.,

the construction of cardiac cell models has progressed through three stages of
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development, with increasingly complex formulations arising from a growing body of
quantitative electrophysiological data (193). At the first stage, models of cardiac
electrophysiology were derived mainly from the original Hodgkin-Huxley equations
through some simple theoretical modifications (194; 195). At the second stage, the
development of experimental techniques and clinical and laboratory research of cardiac
electrophysiology had yielded a large amount of quantitative data about the biophysical
mechanisms underlying the cardiac action potential. Consequently early models were
perfected gradually, although the main characteristics of the Hodgkin-Huxley equations
still remained (196; 197). For example, the McAllister-Nobel-Tsien (MNT) model of
Purkinje fiber electrical activity (196) includes many ionic currents and is more
complicated, but it inherits the assumption of the Hodgkin-Huxley model that the
electrical activity is merely determined by the ionic channels.

The third stage of model development was marked by the establishment of the
DiFrancesco-Noble (DN) model of cardiac myocyte electrophysiology (198). The DN
model was the first to include changes in ionic concentrations and the activity of ionic
pumps and exchangers, in addition to the activity of sarcolemmal ionic channels.
DiFrancesco & Nobel simplified the very detailed cardiac cell into a system with three
main components: ion channels and pumps which are responsible for the transmembrane
ion exchange; ionic concentrations of sodium (Na"), potassium (K", and calcium (Ca®")
which are the primary ionic species; and the subcellular calcium sequestering and release
activity of the sarcoplasmic reticulum. The incorporation of concentration changes into
the cardiac electrical model was an important development because such changes occur

rapidly in the small volume of the cardiac cell and may have profound effects on AP
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properties. The interactions between these three main components were described by a
system of 16 first-order ordinary differential equations (198). The establishment of the
original DN model spawned the development of numerous other dynamic cardiac models
patterned after the DN formulation. The incorporation of concentration changes was an
especially important development as changes may occur rapidly in the small volume of
the cardiac cell. Well-known third generation models include the human atrial myocyte
models by Nygren et al. (199) and Courtemanche et al. (200), canine atrial myocyte
model by Ramirez et al. (42), rabbit atrial myocyte model by Lindblad et al. (201), rabbit
sinoatrial node model by Demir et al. (202), the ventricular myocyte models of Nordin et
al. (203) and the phase IT Luo and Rudy (LR2) model (204), and the bullfrog atrial
myocyte (205) and SA node (206) models by Rasmusson et al. Models by Jafri et al.
(207) and Winslow et al. (208) are also similar as they represent the Luo and Rudy
equations with modified subcellular Ca®*-handling.

These models represent the cell membrane as a capacitor connected in parallel
with variable resistances (ion channels) and batteries (driving forces) following the
original Hodgkin-Huxley formalism for an excitable membrane. In this formalism, each
ionic current is proportional to the product of the driving force and the appropriate
membrane conductance, which in turn is governed by gating functions with activation
and inactivation variables. The activation and inactivation variables are represented as
probabilities of ion channel opening, varying between 0 and 1, and are generally voltage-
and time-dependent.

The rate of change in the transmembrane potential (V) is given by
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where Iim is the stimulus current and Iy, is the total transmembrane jonic current. Cp, is
the total membrane capacitance (~100 pF). For example, the model of the canine atrial
AP by Ramirez et al. (42) consists of a system of 27 coupled first order ordinary

differential equations, and Iy, is given by

Tion=Ina+Ix1+ 1o+ kuwra+1xr+Iks+Ica+Icicat I pcatInaca+INak +Io Na+Ibcat+Iocr 2.

Lion includes contributions from the fast sodium current (Iy,), the inward rectifier (Ig;) and
transient outward (I;,) potassium currents, and the rapid (Ix;) and slow (Ixs) components
of the classical delayed rectifier potassium current. L-type calcium current (Ic,), a
sarcolemmal calcium pump current (I, c,), the sodium-potassium pump current (Iyx), the
sodium-calcium exchanger (Inaca), a calcium-activated chloride current (Icica), and
background sodium (I na), calcium (I, ¢,), and chloride (I, ¢p) currents also contribute.
Membrane currents are modulated by the subcellular activity. AP simulations may be
performed with V computed by numerical time integration of Eqn. 2. Simulations are
typically performed with I in pA and V in mV.

1.7.1.2 Insights from Third-Generation Atrial AP Models

Third generation cellular models have been used to address questions that are difficult to
focus on experimentally and have given numerous insights into atrial AP properties that
contribute importantly to the dynamics of AF. For example, the model of the bullfrog

atrial cell by Rasmussen et al. (205) was compared to their previous model of the bullfrog
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SA node (206) to show how the presence or absence of certain transmembrane currents
can change AP characteristics and consequently alter the relative influence of the various
transporter- and channel-mediated currents. Also Lindblad et al. developed a model of the
rabbit atrial cell, and utilized the equations to provide a qualitative prediction of the
intracellular Ca®* concentration transient during the AP and to illustrate the interactions
between membrane currents that underlie repolarization in the rabbit atrial myocyte
(201).

AP heterogeneity is strongly associated with the occurrence of AF (2). Wang et
al. identified three types of APs on the basis of morphology, ranging from type 1, a
rectangular AP with a positive plateau, through type 2, a spike-and-dome AP with a
plateau at ~0 mV, to type 3, a triangular AP with little plateau (209). These patterns have
been observed by others (2; 210-215), with no difference in Ic,;. density found between
cell types (210). In their human model, Courtemanche et al. showed that variations in I,
alone are able to generate many of the variations in AP morphology observed
experimentally, consistent with experimental findings (200; 211). AP shapes ranged from
a triangular morphology for large I, through a spike-and-dome morphology at
intermediate I, conductances, to a rectangular morphology for small I, (200). In contrast,
variations in Ixy and Ic,; alone could not reproduce the rectangular morphology
observed only in the presence of a small I,. In this way, the model demonstrated that
experimentally-observed differences in ionic currents were sufficient to account for AP
changes, and demonstrated that individual membrane currents, like I, cannot be

considered independently of other currents. Similarly, in their model of the canine atrial
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AP, Ramirez et al. showed that regional variations in ionic currents account for regional
AP differences (42).

Rate dependence of AP duration and refractoriness is also an essential property of
atrial cells that is central to patterns of excitability and propagation in the atria during AF
(Section 1.4.3.2). Courtemanche et al. also used a modeling approach to determine the
ionic basis of rate adaptation (200). This phenomenon was found to arise from a
synergistic action between I¢, 1 and Ix. Rate-dependent shortening of I,y alone was
observed, lowering the plateau potential and significantly accelerated late repolarization.
Second, a rate dependent increase in available Ix alone was observed. This reduced the
plateau level, thereby attenuating Ix activation such that terminal repolarization was
unchanged. Together, the combined effects on Ic,; and Ix lowered the plateau potential
and accelerated late repolarization, thereby accounting for the total rate-dependent AP
shortening (200). It has also been shown that block of Ic,;, by nifedipine may abolish AP
rate dependence (216). Simulations of pharmacologic levels of block (90% reduction of
Ica1. conductance) reproduced this result. In the model, when I,y was strongly inhibited,
the plateau level was lowered to the point where Ik activation is greatly reduced and can
no longer contribute to rate adaptation. Rate-adaptation is abolished in patients with
chronic AF and dogs subjected to tachycardia-induced atrial remodeling (see Section
1.5.2 above). As discussed, remodeling is associated with 69 and 65% reductions in the
densities of Ic, and I, currents, respectively (148). Rate adaptation persisted in the
Ramirez model following these manipulations, suggesting that sarcolemmal effects are

unable to fully account for the pathologic loss of rate adaptation in the disease state (42).
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Antiarrhythmic drug therapy has benefited from recent advances in molecular
electrophysiology, as the development of more selective ion channel blockers for
therapeutic use is now possible. However, more information is needed about the effects
of blocking specific channels on repolarization in normal human atrium and in atrial cells
of patients with atrial fibrillation. In a subsequent study, Courtemanche et al. used their
human model to explore the effects of class III channel blockade on the normal and AF-
modified AP (AFAP), constructed by incorporating known remodeling-induced current
reductions (217). Effects were not dramatic for single current blockade. I, blockade
failed to prolong both the normal AP and AFAP, and Iy, block prolonged the AFAP by
12%. Ik, block by 90% prolonged APD by 38 and 34% in the normal AP and AFAP,
respectively. Interestingly, inhibition of both Ik, and Ik, produced a supra-additive effect
on AP duration, dramatically delaying repolarization under both normal and AF
conditions. These observations illustrate the importance of secondary current alterations
in the response of the AP to single channel blockade, having potentially important
implications for the development of improved antiarrhythmic drug therapy for AF (217).
A similar synergistic interaction was found during simulation of class III drug effects in
the human atrial cell model by Nygren et al (199). Thirty percent block of the sustained
outward K" current (Iys) increased AP duration by 15%, compared with 5% prolongation
following 30% block of the transient outward K current (I;). Combined bock of Ly and I,
by 40% increased AP duration by 27%.
1.7.1.3 Potential Mathematical Limitation of Third-Generation Cardiac AP Models
Third generation cellular models are finely tuned to reproduce electrophysiological

behavior observed experimentally during periods of short duration. Yet despite their
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many successes, the accuracy of such models may be limited. The original DN model
was noted to produce a continual cycle-by-cycle (transient) accumulation (K') or
depletion (Na*, Ca™) of intracellular ionic species (198). AP morphology and the pre-
and post-cycle values of the ionic concentrations were not constant as would be expected
of steady-state behavior. Transient changes were negligible over a few cardiac cycles, but
departures from the pre-stimulus initial concentrations were cumulative and became
substantial over many cycles. Guan et al. (193) noted that the original DN equations are
mathematically dependent (Jacobian is singular), and therefore that model fixed points
are unstable. Varghese et al. (218) showed that there exists a conservation principle latent
in model equations that may permit certain mathematical features to cause computational
difficulties and erroneous model performance. Although the abnormal behavior may
occur only when parameters are outside the zone of physiologic interest, it was argued
that these features may introduce erroneous behavior and instabilities within the
physiologically realizable range. Consequently, the validity of beat-to-beat changes in
model AP properties has been questioned, as this property may impose strict limitations
on model accuracy (199; 219). It follows that a more realistic model of AF (where many
cardiac cycles occur rapidly) based on a 3" generation cellular model may be

significantly influenced by these instabilities, and would therefore be erroneous.

1.7.2 Mathematical Models of Cardiac Tissue
Despite potential mathematical limitations, detailed cellular models may provide a basis
for realistic models of cardiac tissue, where refractoriness properties arise from cellular

dynamics given by a system of differential equations, rather than estimates made by time-
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dependent algebraic functions, as in the original Moe model (72). Briefly, such
distributed models consist of a continuous grid of individually-calculated cardiac cells,
interconnected by resistances representing gap junctions (as in Refs. (220-223)). Cellular

coupling and propagation is given by the cable equation for reaction-diffusion systems

*]ion+[sirn
= ( G Lipv 3.

in one, two, or three space dimensions, where V? is the second-derivative Laplacian
operator in space. In this case, numerical integration is performed using a finite
difference approximation to the Laplacian. D is the diffusion constant determined by gap
junction resistance, surface-to-volume ratio, and membrane capacitance (224; 225). D
should be selected such that the longitudinal conduction velocity is physiological and the
grid size should be selected such that the overall activation time is representative of the
tissue from which the cellular model is derived. Directional differences in the value of D
should be assigned to establish a representative transverse conduction heterogeneity.

In a series of seminal papers, Spach et al. clearly established the discontinuous
nature of propagation in cardiac muscle (188-191). Continuous cable theory seems to
apply along muscle bundles in the longitudinal direction, while high-resistance
membranes and decreased gap junction connections (226) separate bundles transversely.
Directional changes in AP properties resulting from structural discontinuities are
inconsistent with a two- or three-dimensional extension of cable theory, which predicts
that action potential shape is not dependent on the direction of propagation. Based on

these findings, Leon et al. developed a more realistic representation of cardiac tissue by
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repeatedly employing Eqn. 3 in one dimension to form an assembly of parallel cables,
connected transversely by simple resistive elements (227), and found that this
representation was sufficient to account for the observations of Spach et al (121). This
assembly also addresses the computational challenges posed by large multicellular
models as highly efficient algorithms may be developed for the cable network,
facilitating effective multi-processor parallel computing (228).

1.7.2.1 Mechanisms of Reentry & Fibrillation Evaluated In Cardiac Tissue Models
Cardiac tissue models have given many important insights into the mechanisms of
impulse propagation, reentry, and fibrillation. Spiral wave excitation around an unexcited
but excitable core, as described in Section 1.4.3.3, is the mechanism of reentry in these
computational substrates (68; 222; 229). Analogous to the studies by Spach et al.
(discussed in the previous section), demonstrating how wavefronts propagating through a
tissue syncytium generate APs that are different from those in isolated cells, Beaumont et
al. demonstrated how reentry waves in the myocardium have additional properties to
those of planar propagation (222). Using a two-dimensional sheet of Luo & Rudy I cells
(230), it was demonstrated that the core exerts a strong electrotonic influence that
effectively abbreviates AP duration (and thus wavelength) in its immediate surroundings.
This effect was responsible for the stabilization and perpetuation of activity in the
vicinity of the core, while tissue in the periphery is unable to capture in a 1:1 manner
resulting in wavebreak. This electrotonic effect may explain how sustained stable reentry
occurs in preparations whose wavelength (space occupied by activation wave), measured
during plane wave propagation in the longitudinal direction of cardiac fibers, may be

about three times larger than the size of the preparation (68; 231), and may also have
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important implications for antiarrhythmic agents targeting wavelength prolongation
(Section 1.6.2), as drugs would have to counteract this effect.

1.7.2.1.1 The Role of Functional Obstacles

Numerous theoretical studies have reached similar conclusions on the mechanisms of
spiral wave breakup into independent wavelets of activity, as occurs during AF (229;
232-236) (see Section 1.4.3.3). These analyses identified the importance of rate
adaptation of the AP in the formation of functional obstacles. This property results in
variable recovery properties along the spiral wavefront such that there are regions where
the activation front contacts regions of refractory tissue from the previous excitation,
promoting spiral wave meander and breakup. The biophysical properties of wavebreak
and wavelet formation were as described for wavefront interactions with functional
obstacles in Section 1.4.7.

Nygren et al. (237) further investigated the conditions for breakup by comparing
activity in tissue models based on the most realistic cellular models of the human atrial
AP by Nygren et al. (199) and Courtemanche et al (200). As these models were published
in the same year, they are largely based on the same data and might therefore be expected
to be quite similar. However, the Courtemanche model displayed substantial rate-
dependent adaptation of the AP duration while the Nygren model did not, and
consequently recovery was homogeneous in the Nygren model but inhomogeneous in the
Courtemanche model. Because of this difference, the Nygren model supported very
stable and periodic reentrant activity, while the Courtemanche model exhibited less-
stable, aperiodic behavior. The inhomogeneities in the Courtemanche model caused

reentrant activity to drift off the sheet and also lead to conditions that support wavebreak
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and other phenomena associated with high-frequency oscillations, as occur during
fibrillation. Reentrant activity in the Nygren model resembled that of the Courtemanche
model when ionic currents were adjusted such that the Nygren AP was similar to the
Courtemanche AP. This study clearly demonstrated how breakup and fibrillation result
from AP properties acting in a tissue syncytium, and how the relevance of individual
ionic currents to AF is determined by the relative contribution to AP properties (237).
These latter results are in agreement with the conclusions of Qu et al (238).

Modeling studies have also quantified the extent of AP rate-adaptation necessary
for spiral wave breakup in terms of AP restitution. Briefly, restitution refers to the fact
that AP duration depends on the previous diastolic interval (rest period between
repolarization and the next excitation), and the restitution hypothesis states that it is the
slope of the restitution curve (plot of AP duration versus the previous diastolic interval)
that is the main determinant of wavebreak (239). As demonstrated by Courtemanche, if
the tissue or model substrate is characterized by a restitution curve with slope <1,
perturbations (e.g., a premature stimulus) will initially disrupt the dynamics, but reentry
will then converge back to the stable equilibrium over subsequent cycles (234). In
contrast, if the system has a restitution curve with slope >1, a small perturbation may
rapidly become amplified, resulting in wavebreak along the spiral wave arm and spiral
wave breakup (240). Similarly, Qu et al. have demonstrated that the steepness of
conduction velocity restitution plays an important role in spiral wave stability (223). In
contrast to these predictions, wavebreak has been observed in the absence of meander and
restitution fluctuations, indicating that the restitution principles may not fully explain

spiral wave breakup in all cases (241). Alternately, it may be that the protocol used to
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measure restitution significantly influences the shape and predictions of the restitution
curve (242).

1.7.2.1.2 The Role of Anatomic Obstacles

Mathematical models of cardiac tissue have also been used to gain insights into the
mechanisms of vortex shedding by anatomical obstacles (Section 1.4.5). These studies
showed that obstacles can lead to arrhythmias under conditions of decreased excitability,
as may occur with sodium channel inhibition or decreased excitability (243-245). To
further probe the relationship between excitability and obstacle-related arrhythmogenesis,
Starobin et al. explored conditions for new wavelet formation after collision of a plane
wave with an obstacle in an otherwise homogeneous excitable medium. By quantifying
the balance of charge available in the wavefront and the excitation charge requirements
of adjacent medium, critical medium parameters defining conditions for wavefront-
obstacle separation were determined analytically (244). Detachment was more likely
when obstacle boundaries were sharp. In a related study, wavefront-obstacle separation
was observed to occur within a small boundary layer of the order of the wavefront
thickness. Conditions for separation were determined by the relationship between
reaction-diffusion flows within this boundary layer (243). In essence, wavefront-obstacle
detachment occurs when the wavefront has insufficient diffusion current to maintain
attachment at the edge of the obstacle, resulting in the formation of a phase singularity.
1.7.2.2 Mechanisms of Antiarrhythmic Drugs Evaluated in Cardiac Tissue Models
Mathematical models have also been used extensively to predict the effects of channel-
blocking antiarrhythmic drugs. Joint proarrhythmic and antiarrhythmic effects have been

identified in simulations of both potassium (class III) and sodium (class I) channel
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blockade. While these observations are intriguing, it remains difficult to evaluate the
relative contributions of competing pro- or anti-AF influences without a realistic model
of sustained AF.

1.7.2.2.1 Studies of Potassium Channel Bockade

Starmer et al. demonstrated a proarrhythmic response to potassium channel blockade
(221). During reentry, potassium channel blockade produced the expected increase in the
wavelength of reentry (Section 1.6.1), however as the wavelength approached the
perimeter of the unexcited core, reentry became unstable and began to drift (221). This
was sufficient to convert a monomorphic ECG pattern to a torsade-like pattern. Similarly,
Qu et al. found that blocking K conductance converted a quasiperiodic spiral wave
meander to chaotic meander, and then to spiral breakup with fully developed
spatiotemporal chaos (223). This was directly attributed to an increased slope of the AP
duration restitution curve (see Section 1.7.2.1.1). Chay also found that potassium channel
blockade promotes cycle length oscillations in a ring model of cardiac tissue (246; 247)
Taken together, these studies predict that while class Il drugs may prevent the induction
of reentry, wavelength-prolonging effects may promote fibrillation once reentry is
initiated. These instability and breakup mechanisms are consistent with model studies
elsewhere (Section 1.7.2.1.1), where interactions between successive reentry cycles lead
to spiral wave fractionation into independent wavelets as wavefronts collided with
inhomogeneous regions. In contrast, bretylium (class IIl agent) has been shown to flatten
the restitution curve, preventing wavebreak and fibrillation in ventricular tissue (248).

Unfortunately bretylium is not effective in atrial tissue.
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1.7.2.2.2 Studies of Sodium Channel Bockade

Starmer et al. (220) predicted that slowly unbinding sodium channel blockers
(encainide and flecainide) exert both an antiarrhythmic effect by delaying the vulnerable
window (time when premature stimuli results in unidirectional block and reentrant
activation) and a proarrhythmic effect by increasing the duration of the vulnerable period
(time when premature contractions may initiate reentry) (Section 1.4.2). It was concluded
that the price for increased antiarrhythmic efficacy (suppressed premature contractions) is
an increased proarrhythmic vulnerability to unsuppressed premature contractions (220).
In contrast to potassium channel blockade, Qu et al. observed that blocking sodium
conductance slowed the spiral wave and shifted the system to a longer diastolic interval
where the slope of the AP restitution curve was shallower, which tended to stabilize the
spiral wave to a quasiperiodic meander pattern (238). Similarly, numerical studies by
Chay et al. (246; 247) and others (174) found the sodium channel inhibition stabilized

reentry, thereby stabilizing arrhythmic activity once initiated.

1.8 Rationale for Present Studies

Despite almost 120 years of research and speculation, the mechanisms of AF remain
poorly understood. Since the early 1960s, the multiple wavelet hypothesis, tested using a
primitive computer model but lacking experimental support, has dominated both
experimental and clinical understandings of AF mechanisms. Today, experimental
observations of AF question the multiple wavelet mechanism, and antiarrhythmic drug

efficacy conflicts with classical notions of antiarrhythmic mechanisms. These results
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underscore the inadequacy of the present understanding. Detailed mathematical models
of cellular electrophysiology and tissue-level electrophysiological dynamics have
recently been developed, providing important insights into mechanisms contributing to
AF, yet no realistic model of sustained AF has been put forward. A more realistic
computer model of AF is needed that accounts for experimental observations and
clucidates the mechanisms of AF maintenance and termination by antiarrhythmic drugs.
Such a unifying model may enable rapid progress towards controlling this complicated
and debilitating arrhythmia.

The goal of the work described by this thesis was to improve our understanding of
the basic mechanisms of AF and the mechanisms of antiarrhythmic drug action with the
use of highly-realistic mathematical models of atrial electrical activity. I elected to use as
a starting point a mathematical model of the canine atrial action potential developed in
our laboratory (Ramirez et al., 2000) (42). This choice was based on the fact that
extensive experimental observations are available for dog atria at the ionic, cellular, and
tissue levels, and that there are extensive data available regarding arrhythmia mechanisms
and impulse propagation during AF in the dog. Before proceeding to analyze AF itself, I
addressed two important unresolved issues in the cellular model: 1. the stability and
physiological nature of time-dependent properties of action potentials during prolonged
simulations, and 2. the potential role of Ca’*-handling abnormalities in the reduced rate-
adaptation characteristic of AF associated with tachycardia-induced remodeling. I then
went on to use the cellular model to create a simulated 2-dimensional sheet of atrial tissue
that can be considered representative of a normal atrium. With the use of experimental

data that I played a role in obtaining, I incorporated cholinergic effects on atrial ionic
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currents and action potentials, and developed a mathematical model of AF, which shares
many features with experimental observations of cholinergic AF in the dog and other
species. The model was used to obtain insights into the mechanisms by which vagal
nerve stimulation promotes AF. Finally, I used my model of cholinergic AF to investigate
the mechanisms by which pure Na'-channel blockade can terminate the arrhythmia. Once
again, the results parallel experimental observations and provide the first clear
mechanistic explanation of their basis.

The experimental portions of this thesis are presented as papers describing these

four specific series of studies:

1. Time-dependent transients in an ionically-based mathematical model of the canine
atrial action potential.

[James Kneller, Rafael Ramirez, Denis Chartier, Marc Courtemanche, and Stanley Nattel. Time-dependent
transients in an ionically-based mathematical model of the canine atrial action potential. 4m J Physiol

Heart Circ Physiol 2002;282:H1437-51.]

2. Remodeling of Ca*'-handling by atrial tachycardia: evidence for a role in loss of rate-
adaptation.

[James Kneller, Hui Sun, Normand Leblanc, and Stanley Nattel. Remodeling of Ca(2+)-handling by atrial

tachycardia: evidence for a role in loss of rate-adaptation. Cardiovasc Res. 2002;54:416-26.]

3. Cholinergic atrial fibrillation in a computer model of a 2-dimensional sheet of canine

atrial cells with realistic ionic properties.
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[James Kneller, Rengiang Zou, Edward J. Vigmond, Zhiguo Wang, L. Joshua Leon, and Stanley Nattel.
Cholinergic atrial fibrillation in a computer model of a 2-dimensional sheet of canine atrial cells with

realistic ionic properties. Circ Res. 2002;90:¢73-¢87.]

4. Mechanisms of AF termination by pure sodium blockade in an ionically-realistic
mathematical model.

[James Kneller, Rengiang Zou, L. Joshua Leon, and Stanley Nattel. Mechanisms of AF termination by pure

sodium blockade in an jonically-realistic mathematical model. Circ Res. (submitted)}
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CHAPTER 2

TIME-DEPENDENT TRANSIENTS IN AN IONICALLY-BASED
MATHEMATICAL MODEL OF THE CANINE ATRIAL

ACTION POTENTIAL.
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As discussion in Section 1.7.1.3, 3" generation cardiac AP models display beat-to-beat
changes in intracellular ionic concentrations and other state variables. Equation
singularity is a common feature of 3" generation cardiac AP models, and therefore
equation fixed points are unstable in models of this type (193). The equation singularity
has been shown to imply the existence of a conservation principle latent in model
equations that may permit certain mathematical features to cause computational
difficulties and erroneous model performance (218). It is presently unclear if the beat-to-
beat changes are an artifact of these mathematical limitations, or if they reflect underlying
physiological processes. Prior to developing cellular models of atrial pathologies related
to AF and a multicellular model of AF, model transients were characterized and

evaluated for validity.
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Time-dependent transients in an ionically based
mathematical model of the canine atrial action potential
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Kneller, James, Rafael J. Ramirez, Denis Chartier,
Marc Courtemanche, and Stanley Nattel. Time-depen-
dent transients in an ionically based mathematical model of
the canine atrial action potential. Am J Physiol Heart Circ
Physiol 282: H1437-H1451, 2002. First published November
28, 2001;10.1 1562/ajpheart.00483.2001.~—Ionically based car-
diac action potential (AP) models are based on equations with
singular Jacobians and display time-dependent AP and ionic
changes (transients), which may be due to this mathematical
limitation. The present study evaluated transients during
long-term simulated activity in 2 mathematical model of the
canine atrial AP. Stimulus current assignment to a specific
lonic species contributed to stability. lonic concentrations
were least disturbed with the K* stimulus current. All pa-
rameters stabilized within 6-7 h. Inward rectifier, Na*/Ca2*
exchanger, L-type Ca?*, and Na*-Cl~ cotransporter currents
made the greatest contributions to stabilization of intracel-
lular {K~}, [Na~], [Ca2*], and [Cl~], respectively. Time-de-
pendent AP shortening was largely due to the outward shift
of Na"/Ca®" exchange related to intracellular Na®* (Na;")
accumulation. AP duration (APD) reached a steady state
after ~40 min. AP transients also occurred in canine atrial
preparations, with the APD decreasing by ~10 ms over 35
min, compared with ~27 ms in the model. We conclude that
model APD and ionic transients stabilize with the appropri-
ate stimulus current assignment and that the mathematical
limitation of equation singularity does not preclude mean-
ingful long-term simulations. The model agrees qualitatively
with experimental observations, but quantitative discrepan-
cles highlight limitations of long-term model simulations.

ionic drift; action potential transients; atrial fibrillation; elce-
trophysiclogy; ion channels and transporters

THE ESTABLISHMENT of the original DiFrancesco-Noble
(DN) model of cardiac myocyte electrophysiology
spawned the development of numerous other dynamic
models patterned after the DN formulation (5). These
models explicitly include transmembrane ion channels
and pumps, the intracellular calcium sequestering and
- release activity of the sarcoplasmic reticulum (SR), and
changing intracellular ionic concentrations. The incor-
poration of concentration changes into the cardiac elec-
trical model was an important development because
such changes occur rapidly in the small volume of the
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http/fwww.ajpheart.org

(363-6135/02 $5.00 Copyright © 2002 the American Physiological Society

cardiac cell and can have profound effects on action
potential (AP) properties.

Dynamic models are finely tuned to reproduce elec-
trophysiclogical behavior observed experimentally
during observation pericds of short duration. However,
the original DN model was noted to produce a contin-
ual cycle-by-cycle (transient) accumulation (K*) or de-
pletion (Na*, Ca®*) of intracellular ionic species (5). AP
morphology and the pre- and postcycle values of the
ionic concentrations were not constant as would be
expected of steady-state behavior. Transient changes
were negligible over a few cardiac cycles, but depar-
tures from the prestimulus initial concentrations were
cumulative and became substantial over many cycles.
Guan et al. (9) noted that the original DN equations
are mathematically dependent (Jacobian is singular),
and therefore that model fixed points are unstable.
Varghese and Sell (32) showed that there exists a
conservation principle latent in model equations that
may permit certain mathematical features to cause
computational difficulties and erroneous model perfor-
mance. Although the abnormal behavior may occur
only when parameters are outside the zone of physio- )
logical interest, it was argued that these features may
introduce erroneous behavior and instabilities within
the physiologically realizable range. Consequently, the
validity of extended time simulations has been ques-
tioned (6, 26).

Time-dependent changes (transients) in ionic con-
centrations and APs foliowing rate changes are well
documented in the experimental literature 2,7, 11~
15, 27, 31, 38). Transients in mathematical models of
the AP may represent artifacts of the system of equa-
tions used or may reflect physiological processes. We
were unable to identify previous studies that charac-
terized in detail time-dependent model transients and
that compared model and experimentally chserved AP
transients. In the present siudy, electrophysiclogical
transients in an ionic model of the canine atrial AP
were studied with the following objectives: 1) to deter-
mine whether dynamic models reach stability during
sustained pacing at a fixed rate; 2) to investigate the
effects of stimulus current assignment; 3) to investi-

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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gate the ionic basis of AP transients in the model; and
4) to compare experimental and model AP transients.

METHODS

Model Implementation

Model transients were studied in the Ramirez-Nattel-
Courtemanche (RNC) model of the canine atrial AP (28). The
RNC model is composed of 23 coupled first-order ordinary
differential equations and accounts for intracellular concen-
trations of potassium ([K*}), sodium ([Na*}), caleinm
([Ca?*}), and chloride ([C17}).

The rate of change in the transmembrane potential (V) is
given by

dV _ ~Fiw + o)

= C. (I
in time, where fion and lum are the total transmembrane
ionic and stimulus currents, respectively, and Cp, is the total
membrane capacitance. Numerical integration was per-
formed using a modified Euler method. After completion of
the Cl~ transport formulation (described below), the total
transmembrane ionic current is given by

Lo = T + Igy + Dy + Iiura + Tae + I + Jea + Torce + Jpea
+ Inpce + Inox + Boja t hoca + i (2D

Iion includes contributions from the fast sodium current (/va),
the inward rectifier (/x:) and transient outward (I;,) potas-
sium currents, the rapid (Ix:) and slow (Ix,) components of
the classical delayed rectifier potassium current, L-type cal-
cium current (Ica), 2 sarcolemmal calcium pump current
(Ip.ca), the Na*-K*-ATPase current (Inax), the Na*/Ca?*
exchanger (Inaca), 2nd a calcium-activated chloride current
(Icica), and background sodium (fy,na), calcium (Jo,ca), and
chioride (I o1} currents also contribute. The RNC AP most
closely resembles right atrial pectinate muscle APs, because
ionic current formulations were based on data from cells
isolated from this region (18, 28). Shorter APs would be
expected from a left atrial AP model, because I, is typically
larger in the left atria (17).

All simulations were performed with [ in picoamps, V in
millivolts, and Cm = 100 pF. A fixed time step of 5 and 20 us
was used in the presence and absence of stimulation, respec-
tively. For reasons discussed in Stimulus Current Assign-
ment {see RESULTS), all simulations were performed with the
stimulus current attributed to potassium unless stated oth-
erwise. All simulations were performed using double-preci-
gion arithmetic on Unix PC worlkstations.

Model Modification

In the RNC model, Icic. brings C1™ into the cell during
each cycle. The magnitude of this current increases with
increasing [Ca%*);. However, the RNC equations do not pro-
vide for Cl~ efflux (as noted). The interdependence of mem-
brane currents (Joica, Na*-K* pump, and Na*/Ca?* ex-
changer) implies that the beat-fo-beat accumulation of Ci-
simultaneously induces transients in all ionic concentrations,
and consequently absclute stability is not possible. Because
other dynamic models do not account for [C17};, this limita-
tion was overcome by developing a model of myocyte pH and
Cl~ regulation based on physiological processes as described
by Baumgarten and Duncan (1). The net ionic movement of
Cl- was formulated as an inward electroneutral Na”-Cl~

AP TRANSIENTS AND IONIC MODELS

cotransporter and constant Cl~ efflux through a leakage
pathway, in addition to Icica.

The electroneutral Na*-Cl~ cotransporter was empirically
formulated with a Hill function and is given by

A%
O%r + A’(‘;T) 3)
where the conductance of the cotransporter {ger) = 0.115,
©%p = Ena — Eci (where Ena is the equilibrium potential of
Na* and Ec is the equilibirium potential of C17), 4% =
87.8251 and n = 4.

The background leakage current (Jyc1) is given by

Lo =gelV - Eg)

where the conductance of the Iv.c1 {gvct) = 0.0018.

Because of the lack of kinetic data in the literature, guc1
was approximated as twice the mean of the RNC background
conductances. The cotransporier parameters were chosen to
balance the magnitude of the leakage current at rest with
rapid kinetics as intracellular pH is tightly reguiated. The
criginal RNC equations were based on short-term (several
second) simulations. Jc, was reduced to 30% of mean exper-
imental values to obtain physiological AP durations (APDs).
When we performed longer-term simulations, we found that
the RNC parameters provided APDs that were too short, and
that K* currents had to be corrected {maximal i, conduc-
tance {gio) and Jxur.q conductance (gxur,a) were reduced to 25
and 75% of original RNC values] to provide values closer to
experimental observations. Conductance changes, CTuacl,
and Ju ¢ were incorporated into the RNC equations to obtain
the modified RNC (mRNC) medel. Initial conditions for the
mRNC model were obtained from the RNC initial conditions
by allowing the revised equations to equilibrate for >5 min at
rest (Table 1). Although the ionic mechanisms necessary for
long-term stability were present following these modifica-
tions, it was noted that the equation singularity remained in
the mRNC model. Therefore, the mRNC fixed points were
also unstable and the equations still possessed the latent
conservation principle as described.

CTyecr = 8'c'r(

(4)

Experimental Technigues for AP Recording

Adult mongrel dogs (»n = 18) of either sex (20-32 kg) were
anesthetized with pentobarbital sodium (30 mg/kg iv), and
their hearts were quickly removed and immersed in Tyrode
solution at room temperature and equilibrated with 100% O..
The Tyrode solution contained (in mM) 126 NaCl, 5.4 KCl,
1.0 MgClz, 0.38 NaH:PO,, 1.0 CaCly, 10 dextirose, and 10
HEPES, pH was adjusted to 7.4 with NaOH. The right
atrium was dissected free, and the right coronary artery was
cannulated and perfused with Krebs solution at 37°C and
equilibrated with 5% O02-35% CO; to maintain the pH be-
tween 7.35 and 7.40. The Krebs solution contained {in mM)
120 NaCl, 3.8 KCl1, 1.2 CaCly, 1.2 MgB80,, 1.2 KH,P0O,, 25
WNaHCOs, 2nd 5.5 dextrose. Any leaks from arterial branches
were ligated, and the fizsns was perfused et 10-12 wlimin
throughout the experiment to appromimate normal fow in
the canine right atrimm {34}

Preparations were stimulated with square-wavs pulses {4
ms) delivered at 1.5 to 2 times diastolic threshold through
bipolar Teflon-coated silver electrodes. The standard micro-
electrode techniques used in the present study have been
deseribed in detail elsewhere (24). Cellular membrane poten-
tials were recorded from the endocardium using glass micro-
electrodes filled with 8 M KCl (8-20 M} resistance) coupled
to an Axoclamp 2B amplifier {Axon Instruments; Foster City,
CA). Sigrals were converted into digital form by a Digidata
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Table 1. Initial conditions for mRNC model

Symbol Definition Resting Value

v Transmembrane potential -82.72 mV

M Ine activation variable 0.002256

H Ine fast inactivation variable 0.9750

o Ine slow inactivation variable 0.9843

D Ica activation variable 5.448x 10"

F Ica voltage-dependent inactivation 0.9899
variable

zp Ix: activation variable 8.647x 107

%5 I, activation variable 0.01853

Na*h Intracellular sodium concentration 13.86 mM

{Ca®*}); Intracellular calcium concentration 1.310%10-¢mM

KL Intracellular potassium 1386.9 mM
concentration

CIk Intracellular chioride 29.95 mM
concentration

[Ca?*}up Ca®* concentration in network SR 1.869 mM

[Ca® ) Ca?* concentration in junctional 1.869 mM
SR

s Iy, activation variable 0.07351

o3 I inactivation variable 0.9978

gca Ca®* flux-dependent Jcica 0.0
activation gating variable

U Ixura activation variable 0.06039

u; Ixur g inactivation variable 0.9987

fea Ica Ca?*-dependent inactivation 0.6538
variable

{Ca® loman Ca®*"-bound calmodulin 2.347Tx 1073 mM
concentration

[Ca**Irpgn  Ca®*-bound troponin concentration 8.933x 102 mM

[Ca®*lcagn Ca?*-bound calsequestrin 6.916 mM
concentration

u Activation gating variable for fra 0.0

v Ca®?* flux-dependent Jra 1.0
inactivation gating variable

w Voltage-dependent /.; inactivation 0.9993

gating variable

Symbols were adopted from Ramirez et al. (28).

1200 series analog-to-digital converter (Axon Instruments)
and displayed on a Pentium PC using Axotape version 2.0
software (Axon Instruments). Tissues were paced continu-
ocusly at 400-, 300-, and 200-ms basic cycle lengths (BCLs) for
35 min at each BCL. AP recordings were obtained in each
preparation from a minimum of five impalements 0--5, 15—
20, snd 30-35 min from the onset of stimulation at each
BCL. A 5-min rest period followed stimulation at each BCL.
During this time, preparations that did not beat spontane-
ously were paced at 1 Hz, and further control recordings were
made to ensure the stability of the preparation. The 35-min
pacing duration was chosen {o allow measurement of the
largest possible transients at three rates without compromis-
ing the viability of the tissues. Because results depended on
the shape of the waveforms, precautions were taken io en-
sure that the stimulus current did not interfere. Each stim-
ulus site was located at least several millimeters from the
impaled cell (39). In addition, an interval of constant rest
potential between the stimulus artifact and the recorded AP
was confirmed (30). Light tension was applied to stabilize the
preparations as needed. APD to 90% (APDgg) and 50%
{APDso) repolarization were measured with custom-made
software and confirmed manually. Only recordings demon-
strating <3% variation in interbeat end-diastolic potential
were analyzed.

Statistical comparisons were performed on raw data with
an exponential regression mixed-model analysis as described
by Glantz and Slinker (8). Analysis of variance was applied

H1439

for statistical comparison, with Bonferroni’s correction used
for post hoc tests. SAS release 6.12 (Cary, NC) was used to
perform all statistical analyses. The level of statistical sig-
nificance was set at P < 0.05.

RESULTS
Comparison of RNC and mRNC Ionic Transients

Figure 1 shows ionic fransients in the RNC and
mRNC models over 10 h of simulated pacing at 2 Hz.
For reasons discussed below, simulations in both mod-
els were performed with the stimulus current attrib-
uted to K*. Ionic concentrations were sampled 2 ms
before each AP upstroke. The RNC concentrations did
not stabilize, because {K*); (Fig. 14) and [C17); (Fig.
1D) displayed long-term linear increases that were
clearly nonphysiological, and [Na*}; (Fig. 1B) and
[Ca?*}; (Fig. 1C) failed to reach a constant value. These
ongoing changes would be expected to eventually cause
model failure, In contrast, the mRNC concentrations
stabilized following monotonic increases in [Na‘l;,
[Ca®*];, and [Cl7]i. [K*); initially decreased and then
reversed, increasing o a steady state after 4 h. In both
models, as [Ca®*]; plateaued, C1~ influx through I ca
approached a constant value. RNC [Cl7]; steadily in-
creased (no Cl™ efflux mechanism) and forced tran-
sients in all ionic species. The initial mRNC [Cl7}
increase was greater as UTwnacy brought Cl™ into the
cell before Iy could compensate. Cotransport with
Na* also caused a larger initial increase in [Na*); (and
therefore in [Ca?"}; by reduced forward-mode Na*/
Ca?* exchange) in the mRNC model.
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Fig. 1. Steady-state model ionic transients. Transients in intracel-
lular concentrations of K* ({K*1;; 4), Na* ([Na*}; B), Ca2* ([Ca2*];
£}, and Cl~ (ICl"}; D) are shown over 10 h of pacing at 2 Hz.
Ramirez-Nattel-Courtemanche (RNC) concentrations failed to reach
constant values. All modified RNC (mRNC) concentrations stabi-
lized.
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Although all mRNC concentrations appeared to be
unchanging after 7 h of pacing, it was not clear
whether the model system had reached absolute sta-
bility. To determine whether perfect stability was at-
tained, numerical integration of all K* currents and
the AP waveform (measured to six significant figures)
was performed after each hour of pacing for up to 10 h.
All changes ceased beitween 6 and 7 h (not shown),
confirming that model equations had reached absolute
stability as suggested by the ionic concentrations (Fig.
1. In this way, the addition of Cl™ transporters was
sufficient for the mRNC model to stabilize during sus-
tained pacing, despite the inherent equation instabili-
ties, The mRNC model was used for all subsequent
simulations,

To ensure convergence of the integration scheme, the
10-h ionic transients were computed with two and four
times reductions of the time step. No differences in
[K*1; were found between all time steps after 5 h. No
differences between the 2.5- and 1.25-us time steps
were found for [Na™}; after 5 h, and results with either
differed from those with the 5-us time step by <0.05%.
[Ca?*); and [Cl7); displayed slightly greater depar-
tures, but both converged toward the 5-us solution.
Overall, the 2.5- and 1.25-us solutions differed from
those with the 5-us fime step by <0.35% at all times,
demonstrating that appreciable numerical error did
not accumulate during the long pacing simulations and
that the transients were indeed a property of the equa-
tion system,

Stimulus Current Assignment

The RNC stimulus current delivers 58 pC/pF over
the first 2 ms of each cycle (28). Simulations shown in
Fig. 1 were conducted with this current attributed to
K*. Both models featured reversal of the [K*}; tran-
sient following 40 min of pacing, after which RNC [K*];
continued fo increase in a linear fashion while mRNC
[K*1i plateaued. The effect of stimulus current assign-
ment on model transients and stability was therefore
investigated. Ten-hour pacing simulations at 2 Hz
were conducted as before, with the stimulus current
attributed to either Na*, Ca?*, or C1~ (Juym substituted
into Egs. 9, 10, or 11 below, respectively). Concentra-
tions were sampled 2 ms before each AP upstroke.
Results are shown in Fig. 2. Although the model re-
mained stable, the magnitude and fime course of ail
transients were influenced by each assignment. Over-
all, the K* ioniec stimulus assignment least perturbed
all ionic species, and stable concentrations were
reached in the shortest time. Relative to the K* assign-
ment, the Na® assignment caused a greater. [Na'}
increase, allowed a greater [K*]; depletion, and caused
a greater [Ca?*); departure from baseline. The Ca®*
assignment caused maximal [Na*}; and [Ca®*}; tran-
sients and the most extensive [K*}; depletion of all
cationic assignments. The Cl™ assignment caused se-
vere [K*]; and [Cl7}; depletion. When the stimulus
current was not attributed to any ion (.e., oy absent
in Egs. 8-11 below), the model became very unstable.
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Fig. 2. Effects of stimulus current assignment on ionic transients.
For each stimulus assignment (stm), resulting [(K*1; (4), [Na*); (B),
{Ca?*]; (C), and [C17]; (D) ionic transients are shown. All transients
were altered by each assignment. Stimulus with K* current assign-
ment caused the smallest overall displacements.

{K*)i and [Na™}; were depleted to <0.5% and 20% of
prestimulus baseline during 10 h, respectively, and
[C17}; increased to over 600% of baseline. [Ca?*]; also
increased to over 500% of initial values midway
through the simulation, but returned to near baseline
after 10 h.

Tonic Basis of [K*]; Transient Reversal

Figure 2 shows that the [K*]; transient reversal only
occurs when the stimulus is attributed to K*. Because
this phenomenon is well documented experimentally
(7, 11-15) and in human tissues (27), additional sim-
ulations were conducted to determine the ionic mech-
anisms underlying the reversal. The quantity of charge
carried by each K™ current was calculated by numeri-
cal integration over one cycle after each minute of
sustained stimulation. Figure 3B shows summated K*
influx (Inak, Tstim) and efflux (i, Ikurd, Ixr, Txs, Ix1).
The combined magnitudes of K* efflux currents ini-
tially exceeded the magnitude of K¥* influx and [K*);
decreased (Fig. 34). Over this time the magnitude of
Invax gradually incressed while outward ¥ currents
decreased, attenuating the fransient %o achisve a focal
minimum between 13.4 and 20 min when K* influx
and efflux were balanced. Inex then continued to in-
crease, and with supplementation by Zgim influx even-
tually exceeded efflux and [K*]; changes reversed.
Thus slow In.x adaptation accounted for the [K*};
transient reversal, as previously postulated (11-15,
27). At the time of each integration, APDgg and APDsg
were measured to within 0.5 ms. After the onset of
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Fig. 3. Ionic mechanism of [K*]; transient reversal. After the onset
of stimulation, [K*); decreased {A) over many cycles because com-
bined effiux currents (B) exceeded Na*-K*-ATPase current (Ixax)
influx. Inax gradually increased such that the direction of change in
K"} reversed. Steady state was attained when influx and efflux
were balanced. Action potential duration (APD) reduction (C) oc-
eurred very early and stabilized before [K*}i.

stimulation, both APDgyy and APDs5o declined monoton-
ically to steady state, with APDgy changes ceasing
when [K*]; was within 1 mM of stabilization.

Unstable Fixed Points and Conservation Principle

1t is not presently known whether ionic transients in
models of this type are significantly influenced by the
equation singularity and are therefore artifacts of the
mathematical formulation, Before we compared model
and experimental transients, the unstable fixed points
of the mRNC equations and presence of the latent
conservation principle were evaluated.

To demonstrate the fixed-point instability, initial
[K+]; was decreased by 30, 60, and 90 mM, and the
model was allowed to seek steady state by simulating
10 h without stimulation. If medel fixed points were
stable, concentrations would return to (or at least tend
toward) the original unperturbed initial concentra-
tions. The responses of all ionic species to the pertur-
bations are shown in Fig. 4. It can be seen that the
initial values of [K*L (Fig. 4A) were perturbed,
whereas the profiles of [Na*]; (Fig. 4B), [Ca®*]; (Fig.
4C), and [C17]; (Fig. 4D) began at the same initial
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values. Each transient reached a new steady-state con-
centration (fixed point) with displacement proportional
to the [K*); perturbation. The responses of [K*}; and
[CI"}; were monotonic, whereas [Na'}; and [Ca®"};
changes reversed early in the simulation. This behav-
ior resulted from the equation singularity and demon-
strates the strict dependence of model solutions on
initial conditions.
The basic conservation principle (32) is given by

[
ailou = D, o
=1

(53

where u is the voltage, w is a concentration variable,
andoap=Cym— Loyt =ae =(ViF)— 1,0 = (-V;F} - 1,
as = QViF) — 1, a5 = (Vo F) — 1, and ag = (2VgF) — 1.

The explicit form for the mRNC equations is given by

V,F

v =2 (pvary 1K) - 017 + 2icet)
2V, . 2V, .
+ —‘\7‘_2 {Caz ]up + ——\}Tl {Cazl]rel) + CO (6)

where V; is the volume of the intracellular cytoplasm,
and Vyp and Vi are the volumes of the SR uptake and
release compartments, respectively, Cq is a constant of
integration. ’

This conservation principle explicitly states that the
potential difference between the inside and outside of
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Fig. 4. Unstable fixed points arising from mRNC equation singular-
ity. Initial {K*); was decreased by 30, 80, and 30 mM (A}, and model
equations were allowed to seek steady state by simulating 10 h
without stimulation. At steady state, ionic transients were displaced
in proportion to the [K*}; perturbations. A30K, A60K, and A%0K
indicate transients resulting from {X*}; decreases of 30, 60, and 90
mM, respectively.
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the cell is regulated by the flow of ions through the cell
membrane. It is readily apparent from Eg. 6 that
membrane potential may remain constant as long as
the total intracellular charge is conserved, regardless
of the ionic composition. In this way, the principle
predicts that the unstable fixed points demonstrated
by the displaced ionic transients in Fig. 4 would have
appeared stable (i.e., transients would have returned
to original unperturbed initial concentrations) if each
[K*}; decrease was offset with an equal but opposite
increase in another cationic species.

This prediction was used to demonstrate the pres-
ence of the latent conservation principle in the mRNC
equations. The initial value of [K*]; was decreased by
30, 60, and 90 mM as before, with each charge deficit
offset by increasing initial [Na*]; by 30, 60, and 80 mM,
respectively. The model was again allowed to seek
steady state over 10 h without stimulation. The re-
sponses of all concentrations to the perturbations are
shown in Fig. 5. It can be seen that [Ca?*]; (Fig. 5C)
and [C1™}; (Fig. 5D) responded to the [K*]; (Fig. 5A) and
[Na*]; (Fig. 5B) offsets with departures proportional to
the displacement magnitudes. As expected, all tran-
sients returned completely to the original unperturbed
initial conditions over 10 h (except for the response of
[Cl71; to the 80 mM perturbations, which returned to
within >99% of the initial {C17]; value). The responses
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Fig. 5. Conservation prineiple latent in the mRNC equations. Initial
[K*1; was decreased by 30, 60, and 90 mM along with offsetting
initial (Na*}; increases of 30, 60, and 90 mM, respectively. Model
equations were allowed to seek steady state by simulating 10 h
without stimulation as before. Although the perturbations caunsed
large initial displacements of [K*}; (4), INa*}]i (B), [Ca®*); (C), and
{C1-1; (D), original initial concentrations were eventually recovered
by all ionic species. A30K/Na, A80K/Na, and AS0K/Na indicate tran-
sients resulting from initial [Na*}; and {K*}; displaced by 30, 60, and
90 mM, respectively.
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Fig. 6. Pacing-induced model AP transients with K* stimulus as-
signment. APD at 90% (APDso; A) end and 50% repolarization
{APDso; B) reductions are shown, with representative APs [300 ms
basic eycle length (BCL) from the 0-5 and 30-35 min pacing
intervals (C). Marker at left indicates 0 mV.

of [Na*]; and [K*]; were monotonic, whereas [Ca?"};
and [C17]; reversed early in the simulation before re-
turning toward baseline.

Model AP Transients

AP {ransients occurring simultaneously with ionic
changes were measured using an experimentally re-
producible simulation protocol. The mRNC model was
paced at BCLs of 400, 300, and 200 ms for 35 min, and
APs were collected among 0-5, 15-20, and 30~35 min
of pacing. In this way, moedel performance was evalu-
ated over 5,230, 7,000, 2nd 10,500 oycles for the 400-,
300-, and 200-ms pacing BCLs, respectively, totaling
750, 1,000, and 1,500 APs per recording interval. Re-
sults with the stimulus current assigned to K* are
shown in Fig. 6. Changes were similar at all rates, and
APs were close to steady state after 35 min. Reductions
at a BCL of 200 ms were 34 and 13 ms for APDgo and
APDyso, respectively, with 91% and 92% of the change
occurring during the initial 15 min. To investigate the
effects of alternate stimulus current assignment cn AP
transients, simulations were repeated with the stimu-
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Fig. 7. Pacing-induced model AP transients with Na* stimulus as-
signment. APDoo (A) and APDso (B) reductions are shown, with
representative APs (300 ms BCL) from the 0-5 and 30-35 min
pacing intervals (C). Marker at left indicates 0 mv.

lus current assigned to Na* (Fig. 7). APs were substan-‘

tially shorter at all time points, and reductions were
somewhat more extensive. Reductions at a BCL of 200
ms were 35 and 15 ms for APDg and APDso, respec-
tively, with 91% and 94% of the change occurring
during the initial 15 min. Although reductions were
similar, APs were significantly shorter and less physi-
ological (Fig. 12) than for the K* stimulus current
assignment. We therefore used K stimulus assign-

. ment for all further analyses of mechanisms of activity-

related ionic and AP transients in the model.
Tonic Basis of Model AP Transients

The model was used to investigate the electrophysi-
ological basis of the AP reductions. The transients in
ion concentrations and ionic currents associated with
the AP changes in Fig. 6 were determined. [Na™]; (Fig.
8B) and [C17]; (Fig. 8D) increased monotonically. [K'};
(Fig. 8A) initially decreased, stabilized, and began to
increase after 17 (BCL 400 ms) and 25 (BCL 200 ms)
min. [Ca?*l; (Fig. 8C) increased follewing an early
rapid decline. As with the AP changes, all ionic tran-
sients were greater at faster rates and did not com-
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pletely stabilize within the pacing interval. Each con-
centration evolved along an exponential time course as
suggested by the statistical analyses of experimental
results.

The origin of the ionic transients was investigated.
For the accumulation or depletion of ionic species the
following inequality must hold

j >SL#0
cyele

where i = K*, Na*, Ca?*, or Cl™. 2I; is the per-cycle
sum of the charge carriers contributing to each concen-
tration and is obtained by summing the relevant
charge carriers from Eg. 2 with stoichiometric scaling
of the pump and exchanger currents. For each ionic
species, 21, is given by (with Jsum attributed to K™)

S Ix = Lo — Iguea — Tee = Ins = Iy + 2Lnax — Liin (8)

> Ine = —Ine — By = 3Inaca = 3wk + CTrecn (9
2 Io = =Ica— Thca = Ipoa + 2Inaca

+ SRUyp, Lears Iret) (10)

> I =Iocs + o + CTwec (11

where SRUup, lieax, Irat) includes all Ca®* fluxes be-
tween the SR and cytoplasm. Positive currents were
defined as positive charge effluxes from the intracellu-
lar volume. The expressions for each charge carrier
and the activity of the SR are fully described in Ref. 28.

To attain steady state at each stimulus rate, the cell
attempts to remove the inequality in Eq. 7. Because
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Fig. 8. Tonie transients associated with time-dependent mRNC APD
reductions during stimulation at cycle lengths indicated. Over the
35.min pacing interval, [K*); (A) decreased, whereas [Na™}; (B),
1Ca2+]; (C), and [Cl~}i (D) increased.
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certain charge carriers play only minor roles in the
cardiac cycle, an equivalent contribution of each to XI;
of Eg. 7 would not be expected. The currents that
carried the greatest quantity of charge were most re-
sponsible for the magnitude of 3I; and the resulting
ionic transients. The greatest changes in current mag-
nitude toward this end contributed most to neutraliz-
ing the concentration drift. To determine the total
charge carried by all membrane currents and the func-
tional changes in current magnitude over the pacing
interval, numerical time integration of each current in
Egs. 8-11 was performed over one 300-ms cycle after
2.5 and 32.5 min of pacing. Integration results and the
corresponding TI; are given in Tables 2-5. In the ta-
bles, A indicates the magnitude of the contribution of
functional changes to ionic stabilization, ZI; indicates
the overall charge imbalance at each time point, and
AT indicates the magnitude of combined functional
changes toward ionic stabilization.

K* and 85-min transients. All K* currents (Table 2)
adjusted toward a new [K*]; steady state, except the
stimulus current, which has a fixed magnitude in the
RNC model. The largest K™ current was efflux by Iy
after 2.5 and 32.5 min. Over the pacing interval, re-
duced efflux by Igerg contributed most toward (K™}
stabilization, although reduced effluxes by Ix; and Iy,
were also important to limiting [K*]; depletion. In
Table 2, negative AI for membrane currents indicates
that current magnitude decreased during the pacing
interval. Positive AZJk indicates increased conserva-
tion of intracellular K.

Na™* and 35-min transtents. All Na* charge carriers
(Table 3) adjusted toward a new [Na™]; steady state,
with the exception of Iyna. The largest Na™ charge
carrier at both times was efflux by In.x. The greatest
contributor to the pacing-induced increase in [Na™];
was Inaca, and functional changes in the balance of
reverse-mode Inaca exchange also contributed most
toward [Na*]; stabilization. In Table 3, negative AXIna
indicates decreased accamulation of intracellular Na™.

Co?* and 85-min transients. For Ca®* (Table 4), Ica
and I, ca adjusted toward a new [Ca®']; steady state,
whereas Inaca and Iy ca opposed it. The overall magni-
tude of Inaca preferentially attenuated in favor of es-
tablishing a new [Na*]; steady state. The largest Ca®*
current was efflux by Inace after 2.5 and 32.5 min.
Reduced influx by Ica contributed most toward estab-
lishing a new [Ca®"]; steady state. The immediate drop
following the onset of stimulation was due to large

Table 2. Total charge carried by potassium currents
over one cycle after 2.5 and 32.5 min of pacing

AP TRANSIENTS AND IONIC MODELS

Table 3. Total charge carried by sodium currents over
one cycle after 2.5 and 32.5 min of pacing

Time Ina Iy Na 3ak 3Inaca CTreci Elna
32.5 -54.3 -24.1 187.2 -81.8 17.2 0.2
2.5 -58.1 -24.0 182.6 -118.8 194 35.7
A i.8 -0.1 4.6 27.0 -2.2 -35.5

Values are measured in pC/pF at 300 ms BCL. &, Difference
between 2.5 and 32.5 min; T/na, net Na* increase during each cycle;
AXIna, overall change toward ionic stability. See text for additional
definitions.

Ca?* efflux carried by Jwvaca. The preceding train of
conditioning pulses at 1 Hz before the onset of rapid
stimulation reduced this early redistribution. The
greater final magnitude of [Ca?*]; at shorter BCLs
evinced the rate dependence of Ca®* loading. SR fluxes
were balanced during each cycle, and a net SR flux did
not contribute appreciably to the Ca%?* overload. In
Table 4, negative AZIca indicates decreased accumula-
tion of intracellular Ca%*.

Cl~ and 85-min transients. Finally, the magnitudes
of all Cl- charge carriers (Table 5) adjusted toward
establishing a new [Cl™]; steady state, except Icica,
which was constrained to increase with increasing
[Ca?*];, thereby contributing to the delayed [Cl7];
steady state seen in Fig. 8. The largest Cl™ charge
carriers were influx by CTnaci at both times. Increased
efflux by Iy also contributed most toward establish-
ing a new [C17]; steady state, although decreased influx
by CTwnaci Was only slightly less important. Compared
with other functional changes contributing to charge
balance, adjustment of C1~ charge carriers were of
minor importance. In Table 5, negative AZI¢) indicates
decreased accumulation of intracellular Cl™.

Contribution of concentration transients to AP reduc-
tion. To determine the relative contribution of each
35-min concentration transient (Fig. 8) to pacing-in-
duced AP reduction, the 2.5-min AP was computed
after clamping initial concentrations with values sam-
pled 2 ms before the AP upstroke after 32.5 min of
pacing (BCL 300 ms). Results are shown in Fig. 9. The
addition of rapid pacing-induced changesin [K*]; (1.5%
decrease) prolonged the 2.5-min measurement of
APDg; by 1 ms (1.0% prolongation) but did not change
APDso (Fig. 8A). Pacing-induced changes in [Na®};
{18% increase) accounted for 100% and 121% of the
overall APDsg and APDgo reductions, respectively (Fig.

Table 4. Total charge carried by colcium currenis
and SR concentrations changes over one cycle afier
2.5 and 32.5 min of pacing

Time [o  Irure  IRe Ixs Fa 2wek  Imiam - Zik Time Ica Ihoe Jfpca 2meca Tup  fupiesx It Zlca
325 144 319 282 0.286 1314 1248 -B8 1.99 325 483 -53.7 444 -61.2 0584 0256 37973 0.4
25 174 469 552 0518 1381 121.8 -58 -28.8 25 -61.3 -59.0 404 -7%2 0.517 0.226 3339 0.7
A -3.0 —15.0 —-2.7 ~-0.232 8.7 3.0 0 308 A 15 ~-0.7 4.0 18 0.067 0.03 0434 -0.3

Values are measured in pC/pF. A, Difference between 32,5 and 2.5
min; Tk, net X~ decrease during each cycle; AZIx, overall change
toward ionic stability. Basic cycle length (BCL) was at 300 ms. See
text for additional definitions.

Calcium current changes are measured as pC/pF and sarcoplasmic
reticulum concentration changes are in mM at 300 ms BCL. a,
Difference between 2.5 and 32.5 min; Zlce, net Ca®* increase during
each cycle; AZlca, overall change toward ionic stability.
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Table 5. Total charge carried by chloride currents
over one cycle after 2.6 and 32.5 min of pacing

Time Ioica HY CTract Zia

32.5 1.99 -17.0 17.2 2.2
2.5 1.61 ~13.7 19.4 7.31
A 0.38 -3.3 -2.2 -5.11

Values are measured as pC/pF at 300 ms BCL. A, Difference
between 2.5 and 32.5 min; e, net Cl- increase during each cycle;
Allg, overall change toward ionic stability.

9B). The reduction of APDgs was beyond that of the
35-min AP because these effects were augmented in
the absence of the APD-preserving [K*]; decrease and
[Ca2*}; change. Because [Ca®'}; is not constant over
the AP and changes in Ca?* handling strongly affect
the [Ca?*]; time course, myoplasmic [Ca®*]; changes
(24.7% increase) and changes in SR uptake (13.5%
increase) and release (18.1% increase) compartments
were also included. APDso was unchanged, whereas
APDgy was prolonged by 3 ms (3.1% prolongation).

A B

%,ma
of _

20 ms
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Pacing-induced changes in [C1™); (13.5% increase) did
not alter APD. It was thus concluded that pacing-
induced increased [Na™l; contributes significantly fo
AP shortening, whereas changes in [K*}; and Ca®*
handling oppose this effect. This result is consistent
with Fig. 7, where the Na* stimulus assignment
markedly shortened APD relative to the K™ assign-
ment, because of greater cell intracellular Na™ loading
with Na* as the stimulus current and a consequent
outward shift in I'naca.

Contribution of functional current changes to AP
reduction. To determine the relative contribution of the
pacing-induced Ica 1, decrease to AP shortening, it was
first necessary to determine the changes in calcium
handling at 32.5 min without the influence of the
abbreviated 32.5-min AP waveform. This was accom-
plished by computing the 32.5-min calcium transient
([Ca?*); changes during single AP) with clamping of
the 2.5-min AP waveform. Ic. 1, underlying the 2.5-min
AP with clamping of the modified calcium transient
(for Icay only) is shown in Fig. 10A. The peak magni-

- - - 2.5 min
— — 325 min

\ ion clamp

Fig. 9. Effects of rate-related ionic con-
centration changes on APs. Results
were obtained by  substituting
32.5-min values for intracellular con-
centration of each species (K* in A,
Na*in B, Ca®* inC,and Cl- in D) into
the equations for the AP at 2.5 min.
For Ca?*, 32.5-min Ca®?*-handling pa-
rameters were also substituted, be-
cause intracellnlar Ca?* during the AP
is determined largely by Ca®* han-
dling in the sarcoplasmic reticulum.
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tude of the current was slightly reduced due to in-
creased [Ca?*)-induced inactivation of Icar, 2 mecha-
nism consistent with experimental studies (20, 21).
These changes were not sufficient to alter APDso or
APDqo of the 2.5-min AP (Fig. 114). To determine the
relative contribution of Inaca changes to the pacing-
induced AP reduction, the 2.5-min exchanger current
was computed with clamping of the modified calcium
transient (used for Icar above) and 32.5-min Na™},
both for Inaca only, producing the current and AP
changes illustrated in Figs. 10B and 11B, respectively.
The 2.5-min AP was significantly shortened by the
Inaca changes occurring at 32.5 min, accounting for
83% and 104% of APDgo and APDso reduction, respec-
tively. Clearly, Inaca changes contributed importantly
to rate-dependent APD alterations. To determine the
relative contribution of the pacing-induced Inax in-
crease to the corresponding AP reduction (BCL 300
ms), the 2.5-min AP was computed with the 32.5-min
values of [K*]; and [Na*}; elamped for Inax only. The

A _

—— 2.5 min
— — 2.5 min + 32.5 min paramaters

1 pA/fpF

W

1 pA/pF

(e

0.05 pA/pF

20 ms

Fig. 10. Effects of current parameters at 32.5 min on current during
9.5 min AP. A: Jear; B: Insce; C: Inax. For each current, the defining
parameters at 32.5 min were substituted into the 2.5-min AP equa-
tiops, indicating the effects of pacing-induced parameter changes on
current during the AP.
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Fig. 11. Effects of pacing-induced changes in each current on the AP.
Currents obtained in Fig. 10 were substituted individually into the
AP at 2.5 min. A: lcar clamp; B: Inaca clamp; C: Ivax clamp.
Resulting AP indicates the effect that pacing at 32.5 min had on the
AP via the current indicated. Results show that Inaca played the
Jargest role, in itself accounting for most of the rate-related AP
changes.

altered Ina.x waveform and resulting AP changes are
shown in Figs. 10C and 11C, respectively. APDso of the
2 5-min AP was unchanged, whereas the increased net
outward current (also Tables 2 and 3) accounted for
4.9% of APDgo reduction. Analysis of other currents
showed that they changed minimally between 2.5 and
325 min and did not contribute significantly to AP
alterations over this interval.

Experimental and Model AP Transients

Experiments were conducted to determine how AP
transients in this species-specific dynamic AP model
(Figs. 6 and 7) compare with tissue transients. Figure
12 shows experimental resuits expressed as the
mean *+ 95% confidence interval (Fig. 1%, A and B
Representative APs from the 0-5 and 30-35 min re-
cording intervals during pacing at BCL 300 ms are also
shown (Fig. 12C). Mean APD and maximum diastolic
potentials were within the standard ranges for canine
atrial APs established by Wang et al. (33). Over the
35-min pacing interval, mean reductions of 10.3 and
12.8 ms were observed for APDgo and APDso, respec-
tively, with 79% and 75% of the change occurred dur-
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Fig. 12. Pacing-induced experimental AP transients. APDeo (A) and
APDso (B) reductions are shown with representative APs (300 ms

BCL) from the midpoint of 0-5 and 30-35 min pacing intervals {(C).
Marker at lefi indicates 20 mV.

ing the initial 15 min. APDgo and APDso decreased
exponentially at all pacing BCLs (P < 0.001), suggest-
ing that reductions were tending toward steady state.
Time constants ranged from 150 to 600 min, and re-
gression results are plotted as dashed lines along with
the data in Fig. 12. Compared with these experimental
data, model transients (Figs. 6 and 7) were initially
more extensive but approached steady state faster
than their experimental counterparts. QOverall, model
(Fig. 6) and experimental transients were of a compa-
rable order when the model stimulus assignment was
attributed to K*, but model transients were quantita-
tively larger.

DISCUSSION

We have shown that dynamic models with unstable
fixed points may stabilize, provided complete homeo-
static mechanisms for all ionic species are present,
including the stimulus charge. Model stability de-
pended on the assignment of the stimulus current, and
K* stimnulus assignment produced the smallest pertur-
bations in the equilibrium of all ionic species. Model AP
transients agreed qualitatively with experiments, and
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therefore were not appreciably influenced by potential
model artifacts due to unstable fixed points. AP reduc-
tion was due to changes in the Na*/Ca?* exchanger
function related to accumulation of intracellular Na®.
APD reduction was opposed by transient changes in
[K*]; and [Ca®"];.

Comparison With Previous Cardiac Models

The 1985 version of the DN model was the first to
explicitly include concentration changes (5). Conse-
quently, the DN equations became unstable because
pacing gave rise to progressive changes in intracellular
ionic concentrations. Varghese and Sell (32) later
showed that model equations possess a hidden conser-
vation principle, and Guan et al. (9) showed that dy-
namic model equations are singular. These findings
provided a theoretical basis for the equation instabili-
ties, because these mathematical features jmply that
model fixed points are inherently unstable.

Tonic drift is a common property of ionic models
based on the original DN formulation scheme (5). Sim-
ilar models include the human atrial myocyte models
by Nygren et al. (26) and Courtemanche et al. (3},
rabbit atrial myocyte model by Lindblad et al. (18),
rabbit sinoatrial node model by Demir et al. (4), the
ventricular myocyte models of Nordin (25) and the
phase II Luo and Rudy (LR2) model (19), and the
bullfrog atrial myocyte model by Rasmusson et al. (29).
Models by Jafri et al. (10) and Winslow et al. (37) are
also similar because they represent the Luo and Rudy
equations with modified subcellular Ca?* handling.

None of these earlier models monitored [Cl7}i. Lind-
blad et al. (18) included a formulation for Ivcy, but
[C17); was held constant such that C1” fluxes did not
disturb the ionic equilibrium. Nygren et al. (26) added
a small electroneutral flux of Na* to achieve long-term
ionic homeostasis. It was suggested that this flux could
be accounted for by a cotransport system with Ci~
similar to the one implemented in the present study;
however, these mechanisms were not modeled. Be-
cause these other models account for only [K*);, [Na™]s,
and [Ca?*);, ionic equilibrium may theoretically be
attained by Inax and Inace. Rather than fixing [C17};,
we chose to provide for [Cl7]; equilibrium by formulat-
ing an empirical model of C1~ transport based on phys-
iological mechanisms. This allowed changes inlcica to
influence the ionic transients.

Transients in these earlier models were qualitatively
similar to those of the mBNC model. In the model by
Lindblad et al. {18), a smali increase in Na™} was
noted over each pacing cycle, and z slow downward
drift of INa™}; followed the termination of pacing. Ras-
musson et al. (29) reported that (Na*}; decreased over
9 min in the absence of stimulation. [Na*]; increased
and [K*); decreased over 40 s of pacing, and the mag-
nitude of the transients was greater at faster rates. In
the LR2 model, [K*]i was reported to decrease,
whereas [Ca2"]; and [Na*]; increased during 60 s of
pacing at 2 Hz (19). The transients were used to illus-
trate the redistribution of ions that may result from
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overdrive and cause suppression of pacemaker cells. In
the model by Courtemanche et al. (3), it was noted that
the ionic balance was disturbed by periodic stimulation
and that slow changes in intracellular ioniec concentra-
tions still persisted after several minutes. Initial tran-
sients were attributed to kinetic rate adaptation of the
currents and dissipated over a few seconds. The small
subsequent slow changes in jonic concentrations re-
sulted in slow changes in the shape of the AP. To
ensure that the AP morphology took into account ki-
netic adaptation at the specified frequency but did not
include the effects of concentration changes, simula-
tion results were presented after 12 s of pacing from
rest. Similarly, Demir et al. (4) showed results after
simulation of at least eight cycles. To avoid the effects
of concentration changes on model results, Nygren et
al. (26) added a small electroneutral inward flux of Na™
(discussed above), and Dokos et al. (6) modified the
maximum Inax and time constant for uptake of intra-
cellular calcium of the criginal DN equations.

In the model by Nordin (25), [Na™]; was monitored
over 50 min of sustained pacing. Pacing was initiated
at 1 Hz for 10 min and was then increased without
interruption to 2 and 4 Hz for 10 min at each rate.

[Na*}; markedly increased and then began to plateau

during each interval. At 30 min, pacing was slowed to
2 Hz and then 1 Hz for 10 min at each rate. [Na*h
decreased along an exponential time course as the
stimulus rate was slowed and returned to baseline
after stimulation was stopped. The Nordin model also
generated a fourfold increase in the size of myoplasmic
[Ca2*]; transients as the stimulation rate increased
and diastolic [Ca2*]; more than doubled. The role of the
jonic transients on AP shortening was also studied. As
in the mRNC model, [Na*];-independent AP shorten-
ing over several minutes of stimulation at rapid rates
was caused in part by a reduction of Ca?" current
secondary to increased myoplasmic [Ca2*]; (25). AP
shortening was largely caused by an outward shift of
Inacs as [Na™}; increased (25).

Comparison With Experimental Findings

The models discussed above displayed transients
that agree qualitatively with previous experimental
observations. Increased rate has been shown to resulf
in a transient loss of [K*]; in isclated preparations of
cardiac tissue (11, 13) from whole heart preparations
in vitro (7) and from heart in vivo (27). Kline et al. (11)
also reported that membrane potential became more
negative, reflecting increased Na*-K* pump activity as
predicted by the mRNC model (Table 2). Using K*
selective electrodes in canine Purkinje fibers, Kline et
al. (11) measured an extracellular K* concentration
([K*],) displacement of 0.5 mM and return to baseline
after ~5 min. With similar techniques, Kunze (12)
measured a [K*]o transient change of ~0.95 mM over
12 min (BCL 300 ms) in rabbit atria. In the frog
ventricle, reversals were reported to occur over ~17-
60 min depending on type of tissue preparation (13).
These data and the time course of [K*}; changes in the
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mRNC model (Figs. 3 and 8) were of the same order.
Pacing-induced increases in [Na'] and {Ca%*]; have
been measured experimentally (14, 15), and rate-de-
pendent increases in [Ca2*]; have been observed (31).
Transient increases in [Na'); were recognized to be
closely related to [K™]; changes (11, 12, 14); however,
[Na*}; was not quantified in these studies. Measure-
ment of pacing-related [C a?*); increases in canine atria
(31) expressed [Ca®*lias a fluorometric ratio (Raocos00),
preventing quantified comparison with the model. APD
decreases were measured over 3 h (38) and 4 h (2) of
pacing in the atria of Langendorff-perfused rabbit
hearts. APD was shortened by 14-17 ms after 4 h of
pacing (BCL 333 ms) (2). Consistent with the AP tran-
sients measured in the present study, no steady-state
AP was reached in either case. Although APs recorded
from intact tissue may not be directly comparable to
models formulated to represent single cells, tissue
preparations are advantageous because single isolated
cell action potentials are difficult to maintain in stable
conditions for prolonged periods because of deteriora-
tion in cell viability, and because the enzymes needed
to isolate cells damage ionic currents. As such, tissue
level experiments may provide a more reliable physio-
logical comparison for long-term model performance.
Although modifications to artificially stabilize model con-
centrations (68, 26) demonstrate that the overall model
formulation is such that equilibrium can be reasonably
maintained, the results of the present study suggest that

" such changes may not be appropriate.

Stimulus Current Assignment

None of the models discussed indicate that the stim-
ulus current was assigned to an ionic species, the
balance of which is explicitly included in the model.
This is also true of the Courtemanche model (as noted)
published by our laboratory (3). Results of the present
study indicate that assignment of the stimulus current
is necessary for model stability and that the choice of
the stimulus charge-carrying ion affects the magnitude
of the transients.

There is no experimental evidence on which to allo-
cate the stimulus current carrier for model simula-
tions. The most likely charge carriers are K* and Na*,
which are the cations that are by far the most concen-
trated in the intracellular and extracellular compart-
ments, respectively. The resting ionic concentrations in
the heart favor Na® as an inward current carrier.
However, during impulse propagation, cell-to-cell cou-
pling is effected by pore-forming gap junctions, which
are highly permeabie o intraceliniar cations. Because
K* is by far the most concenirated mobile intracellular
ionic species, it is likely that K* movement plays an
important role in excitatory cell-to-cell transmission.
In addition, when a portion of the membrane is depo-
larized, the adjacent membrane may respond by depo-
larization via local movement of subsarcolemmal K*,
The results with Na* as the charge carrier (Fig. 7)
resulted in unphysiologically short action potentials,
because Na* loading during activity favored reverse-
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mode outward Inaca (Figs. 9-11). Because attributing
the stimulus current to K~ reproduced experimental
observations of [K™); changes (Fig. 2), because the K*
assignment best preserved the intracellular ionic equi-

librium (Fig. 2), and because AP transients were most -

physiological for the K+ stimulus carrier (Fig. 6), K*
stimulus attribution was the preferred assignment.
Assignment of stimulus to an ionic species is necessary
for stability. Physiologically, the stimulus current may
actually be carried by more than one ionic species;
however, in the absence of knowledge about the rela-
tive participation of different ionic species, it is reason-
able and practical to attribute stimulus current to a
single ionic species for long-term simulations. It is
possible that lack of stability in related models may be
corrected by the appropriate stimulus current assign-
ment.

Novel Aspects and Potential Significance

The present study demonstrated that: 1) tissue
and model transients are of the same order; 2) any
distortion arising from dynamic model equation in-
stabilities is not likely to be major; 3) dynamic mod-
els may reach absolute stability during sustained
pacing, provided they contain complete homeostatic
mechanisms for all ionic species; 4) assignment of
the stimulus current contributes importantly to
model stability during maintained activity; 5) K™ is
likely the most appropriate stimulus current assign-
ment; and 6) slow rate-related APD changes are
likely related to intracellular Na* accumulation and
outward Inace 2ugmentation. To our knowledge, our
study is the first to examine systematically long-
term time-related ionic and AP transients in a DN-
type AP model. Our results suggest that model
equations formulated to reproduce short-term elec-
trophysiological behavior may also reproduce longer-
term changes in myocyte electrophysiology.

Sustained rapid pacing is known to induce electro-
physiological remodeling, mimicking chronic atrial fi-
brillation (AF) (22, 35). Tachycardia-induced remodel-
ing shortens APD and abolishes AP rate adaptation,
thereby enhancing atrial arrhythmogenicity (“AF be-
gets AF”) (35, 36). In atrial myocytes of dogs atrially
paced at 400 beats/min for 6 wk, Yue et al. (40) found
that the densities of Ica and 1., were progressively
decreased by 69 and 65%, respectively, as a result of
downregulation of mRNA encoding Ica and Iy, o-sub-
units (41). The most extensive remodeling occurred
early and gradually attenuated toward the end of the
pacing period. In contrast, no remodeling of Ixr, Txs,
Ix1, Igur.a, OF Icica Was found. The present study pro-
vides insights into the functional events following the
onset of rapid pacing. Results here indicate that ionic
transients cause short-term APD reductions (over 30
min) that precede remodeling per se. These functional
changes may contribute to early AF-promoting effects
of atrial tachycardia (23).

1449
Potential Limitations

Both the model simulations and experimental obser-
vations showed time-dependent decreases in APD over
15-30 min of observation. However, there were quan-
titative differences between experimental observations
(Fig. 12) and model simulations (Fig. 6), with changes
being larger and faster in the model. In addition, model
APDs were somewhat shorter than experimental val-
ues. A number of factors may have contributed to these
discrepancies.

Agreement between model and experiment was the-
oretically limited. The explicit form of the conservation
principle (Eq. 5) includes a constant of integration, Co.
The physical significance of Cp may be understood by
recognizing that the conservation principle is Fara-
day’s principle

AQ
v C.

where Qo is extracellular charge and Qi is intracellular
charge rewritten in terms of ionic concentration. Here,
Q. is fized, and @i changes throughout the cardiac
cycle. Although the model accounts for the concentra-
tions of the ionic species predominantly responsible for
the AP, other ionic species (e.g,, HCO3, so2-, POY,
and Mg®*) are found within the cardiac myocyte as
well as extracellularly. Co contains the combined effect
of additional ionic species and may be expressed as

B @anknown — EQ;mknown)
Cu

where @o and @; indicate extracellular and intracellu-
lar charge, respectively. The presence of these addi-
tional ionic species in physiological systems necessar-
ily implies discrepancies with model results.

It was recognized, as discussed above, that experi-
mental AP recordings were made from a tissue syncy-
tium, whereas the model represents an isolated cell.
The role of cne-dimensicnal propagation effects was
investigated by modifying Eqg. 1 to obtain the reaction-
diffusion system

,AQ = 2@, — Z€

C, (12)

AV~ + Lo
QY M | Teim |, DU
dt Cn

in time and one space dimension, where D = 0.001
em?ms and V2 is the second-derivative Laplacian op-
erator in space.

The finite difference equation resulting from Egq. 13
is

(13)

¢ (Iion + Istim + f&uple)
Cu

where V] is the voltage at fime stepn and location j. At
and Ax are the time and space discretization steps fixed
at 5 ws and 0.025 cm, respectively. Jwuple 18 the cou-
pling current between adjacent cells with a 3-point
central difference approximation to the Laplacian
given by

Vil=Vi-A (14)
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C

D5V -2V 4 VI (5

Icouple =

Preliminary cable simulations with I,upe attributed to
K" revealed that transients were augmented in cou-
pled segments, and that the net charge carried by
Ieoupie was nearly 30 times less than Lyim. The finding
that reduced net stimulus current augmented the ionic
transients is consistent with the exaggerated tran-
sients observed in the single cell when the stimulus
current was not assigned (Fig. 2). Although it may
have been meaningful to study model stability and
fully characterize model transients in the context of
propagation, this was not done for reasons of compu-
tational tractability. Wall time required to pace a 50-
cell cable for 1 h was on the order of weeks, and
simulations of this type may not be parallelized. It
would be expected that transients in a propagated
model would also reach absolute stability, although
substantially more time would likely be required in a
distributed system.

We assumed that extracellular ionic concentrations
were constant. This is a reascnable assumption for
isolated cells. However, the type of experimental prep-
aration may influence ionic transients (13), and in a
multicellular preparation ion accumulation/depletion
phenomena can occur and contribute to rate-related
changes. Also, biochemical and molecular changes may
occur in vivo that are not reproduced in the purely ionic
mathematical model. Finally, the experimental record-
ing method also includes potential artifacts, including
possible tissue ischemia during perfusion with crystal-
loid solutions that have limited oxygen-carrying capac-
ity and tissue damage during isolation and experimen-
tal preparation.
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CHAPTER 3

REMODELING OF CA2+-HANDLING BY ATRIAL
TACHYCARDIA: EVIDENCE FOR A ROLE IN LOSS

OF RATE-ADAPTATION.
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As discussed in Section 1.5.2, rapid atrial pacing induces a remodeling process in atrial
myocytes and tissues, as occurs in chronic AF. In canine atria, 42 days of pacing at
400/min results in AP shortening and totally abolished AP rate adaptation (148).
Sarcolemmal changes include 69% and 65% reduction of Ica and Lo, respectively (148),
and subsarcolemmal Ca2+-handling is also impaired (152). Given the prominent role of
Ica in determining AP duration and rate adaptation, and the role of the intracellular CaZ*
transient in the inactivation of Ic,, both sarcolemmal and subsarcolemmal changes could
contribute significantly to the pathologic changes in the AP. In the original Ramirez
paper (42), sarcolemmal changes alone were found to be inadequate to explain the loss of
APD rate-adaptation caused by atrial tachycardia-remodeling. This study, entitled
“Remodeling of Ca2+-hand1ing by atrial tachycardia: evidence for a role in loss of rate-
adaptation”, used a mathematical modeling approach to investigate the relative
contributions of sarcolemmal and intracellular rembdeling to the AP alterations, with the

notion that alterations in intracellular Ca** handling might contribute significantly.
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Abstract

Background: Loss of rate-dependent action potential (AP) duration (APD) adaptation is a characteristic feature of atrial tachycardia-
induced remodeling (ATR). ATR causes sarcolemmal ion-channel remodeling (ICR) and changes in Ca’”-handling. The present studies
were designed to quantify Caz*-handling changes and then to apply a mathematical AP model to assess the contributions of
Ca””-handling abnormalities and ICR to loss of APD rate-adaptation. Methods: Indo-1 fluorescence was used to measure intraceliular
Ca’-transients and whole-cell patch-clamp to record APs in atrial myocytes from control dogs and dogs subjected to atrial pacing at
400/min for 6 weeks. A previously developed ionic model of the canine atrial AP was modified to reproduce measured Ca’ " -transients of
control and ATR myocytes. Resulis: In control, APD to 95% repolarization {APDy;) decreased by 91 ms experimentally and by 88 ms in
the model over the 1-6 Hz range. In ATR myocytes, APD,; feiled to decrease over the 1-6 Hz range. Caz’-handling abnormalities in
ATR myocytes included slowed upstroke, decreased amplitude and strong single-beat post-rest potentiation. Unaltered Ca“—handling
properties included caffeine-releasable Ca®"-stores and Ca®" -transient relaxation before and after exposure to the sarcoplasmic reticulum
Ca®"-ATPase (SERCA) inhibitor cyclopiazonic acid (CPA). Including ICR alope in the model accounted for loss of APD,
rate-adaptation; however, KR alone reduced APD,, rate-adaptation by only 19% to 71 ms. When both ICR and Ca“-handling changes
were incorporated, APD,; rate-adaptation decreased to 6 ms, accounting for experimental observations. Conclusion: ICR alone does not
fully account for loss of APD rate-adaptation with atrial remodeling: Ca”-handling changes appear to contribute to this clinically
significant phenomenon. © 2002 Elsevier Science BV. All rights reserved.

Keywords: Anhythmia (mechanisms); Calcium {cellular); Remodeling; SR (function); Supraventr. arrhythmia

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia
in clinical practice [1]. Investigators have recently de-
veloped realistic animal models of AF related to the
phenomenon of atrial tachycardia-induced remodeling, by
which ‘AF begets AF’ [2,3]. Remodeling plays an im-
portant role in the pathophysiology of AF [4]. Loss of
APD and refractoriness rate-adaptation are among the most
universally recognized functional changes caused by atrial
tachycardia-induced remodeling (ATR) [2-6].

*Corresponding author. Tel.: +1-514-376-3330x3990; fax: +1-514-
376-1355.

E-mail address. naitel@icmumontreal.ca (S. Nattel).

'Both authors contributed equally.

Chronic tachypacing induces specific ion channel re-
modeling (ICR). L-type Ca** current {(fc,..) and transient
outward current (/) are down-regulated by rapid pacing,
with other plateau currents remaining unaltered [7-9].
Inhibition of /,; with npifedipine reproduces the AP-
shortening and loss of rate-adaptotion cansed by remodel-
ing {7}, however, the concentration of nifedipine used {10
ubd; reduces I, | by over 90%, whereas atria! tachycardia
decreases I, ; by about 69% [7]. The intracellular Ca®*-
transient, resulting from sarcolemmal Ca®* entry and
Ca®" 4riggered Ca’* release from the sarcoplasmic re-
ticulum (SR), is also reduced in atrial myocytes of rapidly-
paced dogs {10], and there is experimental evidence that
tachycardia-induced changes in Ca’ *-handling contribute

Time for primary review 36 days.
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10 AP abnormalities [11]. We recently developed an
ionically based mathematical model of the canine atrial AP
and found that pacing-induced ICR fails to account fully
for the loss of rate-adaptation produced by remodeling
{12]. The Ca“-handling properties of the latter model,
which we will refer o as the Ramirez—Nattel-Courte-
manche (RNC) model, were based on data from the
literature, rather than direct measurements. The failure of
ICR to reproduce lack of rate-adaptation in the RNC model
may have been due to inaccuracies in the Ca’*-handling
representation, to the lack of a representation of tachy-
cardia-induced Ca”-handling abnormalities, or to other
missing elements. The present study was designed tfo
obtain data with which atrial Ca“-handling could be more
precisely defined, to modify the RNC model to reproduce
experimental Ca’-transients, and to evaluate the role of
tachycardia-induced ICR and changed cellular Ca’* -hand-
ling in APD rate-maladaptation.

2. Methods
2.1, Animal model, cell isolation and solutions

Animal-handling procedures followed guidelines of the
Canadian Council on Animal Care and conformed with the
Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996). Under sterile con-
ditions, a tined pacemaker lead was inserted in the right
atrial appendage, connected to a pacemaker in a subcuta-
neous pocket in the neck and used to pace the atria at
400/min for 6 weeks to produce ATR [7]. On study days,
dogs were anesthetized with 30 mg/kg pentobarbital i.v.,
the heart removed via right lateral thoracotomy and left
atrial myocytes isolated from six control and six paced
dogs as previously described [7,10]. Cells were superfused
with- Tyrode’s solution containing (mM) NaCl 136, K(lI
5.4, MgCl, 1.0, CaCl, 1.8, NaH,PO, 0.33, glucose 10,
and HEPES 10, pH adjusted to 7.4 with NaQOH at 36 °C.
APs were recorded in current-clamp mode [7].

2.2 Recording of intracellular Ca’” -transients

Myocytes were incubated in indo-1 acetoxymethyl ester
(Molecular Probes, 5 uM) for 10-12 min in 100 pM
Ca’"-containing Tyrode’s solution at room temperature,
Myocytes were then superfused with Indo-free solution for
>40 min to wash out extracellular indicator and allow for
intracellular deesterification. Background and cell auto-
fluorescence were cancelled by zeroing the output of the
photomultiplier tubes using cells without indo-1 loading.
Cell exposure to ultraviolet light from a mercury-arc lamp
was controlled by an electronic shutter (Optikon T132,
Vincent Associates) between the arc lamp and epifluoresc-
ence attachment of a Nikon Diaphot epifiuorescence

microscope. Only a portion of the cell (~15 wm diameter)
was exposed to UV light. The dye was excited at 340 nm
and the emitted fluorescent light (>380 nm) was relayed
to the microscope and processed by a spectral microfl-
uorometer (Sycamore Scientific) equipped with a charge-
coupled camera (Pulnix America TM-440). The emitted
light was split by dichroic mirrors and passed through
narrow band-pass (* 10 nm) filters centered at 400 and 500
mm. Light intensity was detected with matched photomulti-
plier tubes (Hamamatsn R2560HA). The ratio of the two
fluorescent signals (400/500 nm) was filtered at 60 Hz and
digitized at 1 kHz (TL-1-125 LabMaster, Axon). In this
study, Indo-1 ratios were converted to Ca’* concentrations
(ICa*"1,) by performing an in vivo calibration using the
following relationship {13]:

R“Rmin
{Ca]i:Kd'ﬁ[R _R] (H

where K; (844 nM) is the in vivo dissociation constant of
Indo-i [14]. R, and R, are, respectively, the minimum
and maximum Indo-1 ratios determined by exposing atrial
myocytes to a Tyrode’s solution containing 100 nM
ionomycin, and either 10 mM EGTA (no added Ca**yor 5
mM Ca** {saturating Ca solution), and F,/F, is the ratio
of the maximum to minimum fluorescent intensities mea-
sured at 500 nm. In five myocytes, R, =0.755, R_,. =
2.933, and Fy/F,=1.452.

A 1-min rest period separated episodes of field stimula-
tion and Ca’”-transient recording. In some experiments,
Ca®* -transients were induced by applying 10 mM caffeine
with a temperature-controlled fast-flow system after stop-
ping stimulation at 2 Hz following the attainment of steady
state. Only one cell was studied for each cell aliquot added
to the bath. In other experiments, Ca®" ransients were
studied before and after the addition of 100 uM
cyclopiazonic acid (CPA} to inhibit SR Ca’*-ATPase.

2.3. Model development and implemeniation

Ionic currents were modeled as detailed in Ramirez et al.
[12]. The time-derivative of the membrane potential (V') is
given by:

W (e +1

icn rtim)

& C (2)

W
where 7, and [ are wansmembrane toml fomic and
stimulus currents, respectively, and £, is membrane
capacitance.

I VAR PTIa

oa

BRI PO DR o S o PP
+ Ip,Cn + INeCa + INaK + Ib,Na + ]b,Ca + Ib,Cl (3)

ur,d

where Iy, gy Frueas Ik ks 1o, are sodium, inward-
rectifier, ultra-rapid delayed rectifier, rapid and slow
delayed-rectifier and Ca’” currents, respectively, Ioc, is
sarcolemmal calcium pump, I, is sodium-potassium
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pump, Iy, is sodium—calcium exchanger, I, ¢, is cal-
cium-activated chloride, 7, n,, 1ycor fbcr @re background
sodium, calcium and chloride currents, respectively. The
model constantly monitors intracellular [Na®], [K'],
[Ca**) and [CI7].

Sarcoplasmic reticutum (SR} Ca®" -handling is described
as illustrated in Fig. 1, with network SR (NSR) subserving
Ca’*-uptake and junctional SR (JSR) goveming release.
Mode!l parameters include cytoplasmic Ca’" -buffering by
calmodulin ({Cmdn]__ ) and woponin ({Trpn}]_, ) and JSR
Ca®*-buffering by calsequestrin ([Csqn]_,.). An uptake
flux (®,,) moves Ca®* from the cytosolic Ca** pool to the
NSR. ®,, depends on [Ca’*1, and is governed by a
maximal value (@, ) and half-saturation constant
(K,p)- @y, depends on NSR [Ca®"] ([Ca”"ysp), and is 2
function of ®,,m. and maximal [Ca*"lyg
(ICa* Jyspiman)- A transfer flux (@) moves Ca®* from
NSR 10 JSR. @, depends on the inter-compariment [Ca™"]
gradient ([Ca’" Jusz-1Ca*"];sz) and is govemed by a
transfer time-conmstant (7). A release flux (®,,) corre-
sponds to Ca’*-release from JSR to cytoplasm. ®,,, is
closely coupled to sarcolemmal Ca’" channels and is
activated by Ca’" flux into the cytoplasm with activation
time constant 7,,,. ®,,; also depends on the [Ca®*] gradient
between JSR and cytoplasm ([Ca’*1,sg—-[Ca’"],), and has
a maximal release rate (k). ®,., inactivation gating is
both flux and voltage dependent. The parameters defining
Ca’"-handling were altered from the RNC model as
described below and shown in Fig. 2, to create agreement
with experimentai Ca”* -transient recordings. Numerical
integration of Eq. (3) was carried out using a fixed time
step of 5 us. All simulations were performed using double-
precision arithmetic on Unix PC workstations.

Group data are expressed as mean*S.D. -

3. Results

3.1. Experimental Ca’”-transients and resulis of the
RNC model

Fig. 3 shows representative recordings of Ca®" -trans-
ients measured in cells from a control dog (panel A) and a
dog subjected to rapid pacing (panel B) stimulated at 2 Hz
following a 1-min rest period. Both control and paced cells
showed post-rest potentiation, but the control cell showed
a biphasic staircase in contrast to low uniform-amplitude
Ca’* signals in the paced cell. For comparison, the RNC
mode! was paced from rest at 2 Hz under control con-
ditions (panel C) and after incorporating known pacing-
induced ICR (panel D). Post-rest potentiation was ob-
served in both cases while subsequent Ca’”-transients
declined monotonically. The RNC post-rest pulse was
reduced by ~200 nM and steady-state peak concentrations
were 2.5-fold lower than mean control data (Fig. 4C).
After ICR, the RNC post-rest pulse was ~300 nM greater
than in ATR (Fig. 6E), while the 60th peak agreed well
with experiment,

The RNC Ca**-handling model adopts SR buffer con-
centrations and binding constants from earlier models of
guinea pig [15] and bullfrog [16] cardiac APs, and clearly
fails to reproduce Ca’” -transients in dog atrial myocytes.
QOur first objective was therefore to produce a revised
control model (designated ‘r-Ct!’) to match experimental
observations. SR constants were adjusted to reproduce
quantitatively the biphasic post-rest staircase in control
cells (Fig. 4A). Modifications (Fig. 2) included: (for
uptake) 20% increase in b, ., 60% increase in
[C2”" Jusrumsn; 86% reduction of K,,; (for transfer) 33%
reduction in 7,; and (for release) 40% increase in 7.

Dupimax)

\{C’az‘}NSR(max)

Trpn
(Trpnmas

~ .

Fig. 1. Schematic representation of key components of the Ca’" -handling model (bold). For description and definition of abbreviations, see text. Model

constants involved in sach process are shown next to each.
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site of action constant RNC value r-Ctl ICA+SR
sarcolemma gCa 0.264 nS/pF - 69%
o 0.10507 nS/pF | 3.964-107 nS/pF | 65%4¢
B« 0.15 nS/pF 0.18 nS/pF —
myoplasm [Cmdn]max 0.045 mM > >
[Trpn]max 0.35 mM > >
SR uptake (®up) Visr 1109.52 pm’ - -
B ypimax) 0.005 mM/ms | 0.006 mM/ms —
Kup 9210 mM | 1.288:10° mM —
SR leak (@ieau) | [Ca” Insrimay 15 mM 24 mM 76.25 %oV
SR transfer (@) Ty 180 ms 120 ms 328.6%7
SR release (®ra) Visr 96.48 pum’ - -
Trel 8 ms 11.2 ms 128.6%7T
Keet 30 ms” - —
{Csan)max 10 mM - >

«» = no change, T = increase, { = decrease

419

Fig. 2. Ca’*-handling parameters in RNC model, alterations made to agree with experimental Ca®*-transient recordings (~-Ctl) and alterations in SR
Ca’*-handling required to reproduce altered Ca’" transients in remodeled cells,

Consistent with routine experimental procedure, all simula-
tions were preceded by 2 min of pacmg at 2 Hz followed
by a 1-min rest period. The Ca’”-transients generated by
the r-Ctl model during pulsing at 2 Hz are shown in Fig.
4B. The »-Ctl Ca®* peaks differed from mean experimen-
tal data by less than 5% at each pulse (Fig. 4C). These

A Control B

ATR

oot

I8

RNC Cont I
mire RNC: ICR

adjustments required small modifications of K™ currents to
maintain physiological APD,, (a 62% reduction in ) and
APDy, (a 20% increase in [¢,). In the original RNC

A Control

peak
;

= baseline

§ WN\MQ ‘ \LMWWMWWNM % © 10 20 30 4 50 6 70

R ' beat number

10 beats

Fig. 3. Sequential Ca*" transients from 2 control (A) and remodeled (B)
call. RNC mode! simulations of a control cell (C) and a cell incorporating
pacing-induced ICR (D). The short horizontal marker at left of CaT
simulations in panel C indicates an infraceliular Ca®" level of 500 oM.

Fig. 4. Ca " -transients from a contrel cell (A), simulations with the »-Ctl
model (B) and (C) comparison of C a” " -transients (CaTs) measured in
five control cells {mean=8.D) and corresponding model simulation
{curve). The short horizonial marker at lefi of CaT simulations in panei B
indicaies an intraceliular Ca®* level of 500 nM.

89



420 J. Kneller et al. i Cardiovascular Research 54 (2002) 416426

model, I, was decreased by 70% from experimental
values in order to produce physiological APDs [12], but
K™ currents were left at experimental values. Therefore, an
adjustment in K¥ currents of an order less than those of
I, was deemed reasonable.

3.2. Effects of rapid pacing on Ca’*
model paramelers

-handling and

To determine the parameter modifications of r-Ci
necessary to reproduce the Ca +—handlino abnormalities
caused by remodeling, we studied several specific aspects
of Ca** -handhng in paced myocytes. First, we examined
SR Ca®"-stores by rdpid application of 10 mM caffeine.
Fig. 5A shows representative Ca’"-transients at 2 Hz. At
steady-state, a caffeine puff was applied via a fast-flow
system that exchanged the extracellular milieu of the cell
within 500 ms. Mean caffeine-induced [Ca’*] peaks
averaged 958+ 17 nM in five control cells and 887+21 nM
in seven paced cells (P=NS), indicating no change m
releasable Ca®* Fig. 5B shows the kinetics of Ca’"
iransient rise and decay in a control and remodeled

Control

A

E: i

=

e M

l caffeme

5 beats

B 0.1 Hz
250 nid I_E_Mﬂns

CPA 100uM

ATR MM B N

Fig. 5. Examples of caffeine-induced Ca’*-transients (A), Ca’*-trans-
tents during steady-state 0.1-Hz stimulation (B) and Ca’’-transients
before and after CPA (C).

myocyte. The rate of Ca’”-rise was clearly decreased by
pacing (from 0.016 to 0.012/ms in the cells shown). The
relaxation time-course (quantified as the time for 50%
decrease in the Ca**-transient based on an exponential fit
to transient decay) was not altered, measuring 207 and 212
ms in the cells shown. Similar results were obtained in 2
total of five control and five paced cells. Thus, Ca*"-
release was slowed by remodeling, but the kinetics of Ca™*
removal were unaltered. We then studied Ca’”-transient
decay kmetzcs before and after 100-uM CPA. Fig. 5C
shows Ca’”-transients at 0.5 Hz before and after CPA in
representative control and paced cells. CPA slowed Ca®"-
transient relaxation, but there were no relaxation kinetic
differences between control and remodeled cells. The 50%
relaxation time averaged 244%13 and 25716 ms in five
control and five paced cells (P=NS) before CPA and
48644 vs. 505+ 40 ms, respectively (P=NS) after CPA
exposure. These results suggest that Na*, Ca** exchange
(NCX) function and SERCA are unaltered by chronic
tachycardia, consistent with previous molecular studies
[17,18].

Based on the observations in remodeled myocytes, we
determined the parameter alterations of the r-Ctl model
needed to reproduce Ca’*-transient reductions in paced
cells, assuming that releasable SR Ca’* stores, Ca®"-
uptake rate, NCX and SERCA function are unaltered and
Ca’* -release rate is reduced. The required changes are
summarized in Fig. 2, and included a 76.3% reduction in
[Caz*]NSR(max), a 328.6% increase in 7., and a 128.6%
increase in 7,,,. Slowing of ®_, kinetics were needed to
maich experimentally observed decreases in the Ca’’-
transient rise rate. This alteratlon  may reflect disruption of
the close coupling of L-type Ca’” -channels and JSR Ca®*
release channels, or of channels selective to monovalent
ions countering Ca”’-release [19-21]. [Ca“]NSR(mx) re-
duction accounted for the abolished positive post-rest
staircase, and implies changed JSR leak. While this change
appears as a decrease in maximum SR Ca’ -uptake
capacity in the model, it may also represent reduced
leakiness of ryanodine receptors in the disease state. The
large mcrease in 7, was primarily responsible for the
reduced Ca®* -transmnt amplitude. These changes are
consistent with observations of cardiac myolysis and SR
fragmentation resulting from AF [22]. The slowing in
mtra-SR transfer may represent reduced recycling of intra-
SR Ca’", thought o be associated with impaired SR
function and the conversion of rest-potentistion to rest-
depressxon in canine myocytes as discussed by Hryshko et

al. [23] and depicted schematically in Fig. 9 of Ref. [24].

The model incorporating pacing-induced Ca’ -handhng
alterations will be referred to as the SR-only model, and
the model incorporating only ICR will be termed the
ICR-only model. The mode! incorporating both will be
termed the ICR+ SR model. Fig. 6 shows beat-to-beat
changes in Ca’*-transients recorded from a paced cell
(Fig. 6A), along with simulations incorporating Ca’”-
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Fig. 6. Ca’"-transients recorded in an ATR cell {(A) compared with SR-only (B), ICR-only (C) and ICR+SR (D) models. (E) Experimental
Ca”" -transients from 5 ATR cells {mean=8.D) along with simulations {curves). The short horizontal marker at left of CaT simulations in panel C indicates

an intracellular Ca’* level of 500 nM.

handling abnormalities in the SR-only model (Fig. 6B), the '

ICR-only model (Fig. 6C), and the ICR+ 8R model (Fig.
6D). Fig. 6E shows mean experimental data from five
ATR cells, along with quantitative representations of
simulation results. ICR-only fails to account for pacing-
induced Ca’ " -transient changes. The agreement was betier
with the SR-only model, but remained imperfect. Steady-
state ICR-only and SR-only peaks were approximately 80
and 41% of r-Cil; respectively, consistent with the findings
of Bers et al. {25], where NCX was estimated to account
for about 30% of Ca’* removal from the cytoplasm during
relaxation, with SR-uptake accounting for the remaining
70%. In the model, both are ~10% higher than these
estimates as each also contributes to the other. In the
ICR-only model, reduced trigger Ca’* from remodeled I,
was nevertheless sufficient to induce a large response from
the normal SR, while in the SR-only model, normal I,
was unable to elicit a substantial release from the dysfunc-
tional SR. This property of the ICR-only model contributes
both to the persistence of a positive staircase in Fig, 6, and
to the persistence of AP rate-adaptation in the absence of
SR abnormalities (Fig. 8). The combined ICR + SR model
agreed well with experimental data, differing by less than
11% at each pulse.

Fig. 7A and B show individual normalized experimental
Ca’ -transients at 1 Hz under control and remodeled
conditions. Fig. 7C and D show corresponding simulations
with the r~Ctl model and the combined ICR+ SR model,
respectively. There is clearly good agreement with record-
ings for both Ca®* -transient amplitude and kinetics, unlike
the ICR-only model (Fig. 7E).

3.3. Tachycardia-induced changes in APD rate-
adaptation

Fig. 8 shows representative APs at 1 and 6 Hz from a
control {(panel A) and ATR (panel B) cell. The control AP
displayed 2 prominent platean and significant rate-adapta-
tion, while the paced cell showed the tangutar morpholo-
gy, APD abbreviation, and abolished APD rate-adaptation
characteristic of tachycardia-induced remodeling. These
morphologic features and associated properties were re-
produced in the »-Ctl (panel C) and ICR+ SR (panel D)
models, respectively. Panels E-F show APD to 50%
{APD,,) repolarization from 1 to 6 Hz (n =25 cells each
group). APD, in the »-Ctl medel paralleled experimental
results at all rates. APD,, rate-adaptation over 1-6 Hz was
24 ms in the »-Ctl model compared to 32 ms in experiment
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Fig. 7. Examples of single Ca’" -transients recorded from control (A) and
remodeled (B) cells, and results of simulations with »-Ctl (C), ICR+SR
(D), ICR-only (E) and SR-only (F) models. Markers at lef indicate 50%
of control amplitude.

{panel E). APDy, rate-adaptation was abolished in paced
cells and reduced to 5 ms in the ICR + SR model (panel F).
ICR-only accounted for 79% of the diminished APD;,
rate-adaptation, as I, reduction was responsible for much
of the triangular AP morphology. Rate-adaptation was
preserved in the SR-only model because the APD,,-short-
ening effect of rate-dependent I, inactivation remained,
although somewhat offset by potentiation of I, secondary
to decreased Caf+-mduced inactivation. However, in
combination with ICR, SR dysfunction contributed im-
portantly to the ICR+ SR result.

Panels G~-H show APD to 95% (APD,;) repolarization
from 1 to 6 Hz. APDy; in the »-Ct] model closely matched
experimental data at all rates but was slightly prolonged at
6 Hz (panel G). APD,, rate-adaptation over 1-6 Hz was
91 me in control, compared to 88 ms in the »~Ctl model.
APD,; rate-adaptation was abolished in paced cells and
reduced by over 30% (to 6 ms) in the ICR + SR model,
which closely approximated the paced group (panel H).
APDgy; was reduced in the ICR- and SR-only models
{panel H), but rate-adaptation persisted, with shortening by
71 and 20 ms, respectively, over the 1-6 Hz range. APD,,
shortening in the ICR-only model was due to persistent
rate-dependent I, reduction, since f,, was incompletely

down-regulated by ICR. In the SR-only model, AP mor-
phology changes occurred because of reduced Ca;” -depen-
dent inactivation of I.,. This raised the plateau voltage and
prolonged the plateau, thereby increasing 7, by ~61%
relative to control, and had a net effect to decrease APDy,
rate-adaptation. The ICR-only and SR-only models ac-
counted for 19 and 78% of APD,, rate-adaptation reduc-
tion, respectively. Loss of rate-adaptation in ICR+SR
arose from the balance of decreased I, -related effects on
the APD in ICR and plateau /., potentiation by reduced
Ca’"-dependent I, inactivation with SR abnormalities and
resulting [ recruitment. These results indicate that both
ICR and SR dysfunction contribute to ATR-induced loss of
APD rate-adaptation, and taken together can account fully
for loss of rate-adaptation.

4. Discussion

We developed a mathematical model of the canine atrial
AP by modifying Ca“-handling terms based on ex-
perimental Ca’”-transient recordings in control and re-
modeled cells. The model reproduces changes in APD
rate-adaptation in remodeling, suggesting that Ca’"-hand-
ling changes contribute to tachycardia-induced atrial repo-
larization abnormalities.

4.1. Significance and mechanisms of tachycardia-induced
loss of APD rate-adaptation

A reduction in atrial refractoriness rate-adaptation is a
finding characteristic of tachycardia-induced atrial re-
modeling [2,26] and is observed in patients with AF [5,6].
Loss of rate-adaptation causes marked refractory period
reduction at the long basic cycle lengths of sinus rhythm
{2,5,26]. Clinical AF is generally initiated by premature
complexes during sinus rhythm, making refractory periods
at longer cycle lengths a critical determinant of vulnerabili-
ty to AF [27]. Thus, APD reduction and loss of APD
rate-adaptation are potentially important contributors to the
enhanced vilnerability for AF following remodeling.

Li et al. [28] demonstrated a central role of trans-
membrane Ca”* current in human atrial APD rate-adapta-
tion. In their human AP model, Courtemanche et al. [29]
showed that rate-adaptation arose from 2 synergistic
interaction between I, and I Al fast rates, available J
was decrzased while 7, was incressed, lowering the
plateau and accelerating late repolarization, respectively
{29]. The central role of I, was further supported by
evidence that rate-adaptation in normal canine atrial cells
is abolished by 10 uM nifedipine {7]. Loss of rate-
adaptation was reproduced in the RNC and Courtemanche
models when I, was reduced by 90%, simulating pharma-
cological biockade {12,29). When 7., is strongly decreased,
the plateau level is lowered to the point where {; activa-
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Fig. 8. Examples of APs recorded from control (A) and remodeled (B) cells at § and 6 Hz, along with simulated APs with »-Ctl {C) and ICR + SR (D)
models. (E~-H) Experimental mean data and corresponding model simulations. Markers at left indicate 0 mV.

tion is greatly reduced and can no longer contribute to
rate-adaptation {29]. Tachycardia-induced 7, reduction in
canine atria {7} is quantitatively similar (69% decrease) to
the 63% atrial Ca’* current density reduction in AF
patients [8]. Both are less than the 90% I, reduction that
abolishes APD rate-adaptation in experimental {7] and
modeling studies [12,29], indicating that additional mecha-
nisms contribute to loss of rate-adaptation. Hara et al. [11]
showed that ryanodine restores the AP plateau in re-
modeled atria, suggesting that changes in SR Ca®*-hand-
ling may play a significant role. The present study suggests
that tachycardia-induced ICR is insufficient in itself to
account for loss of rate-adaptation, but that the combina-
tion of ICR and changes in SR Ca**-handling does explain
loss of APD rate-dependence.

4.2. Comparison of Ca’"-handling abnormalities in
remodeled atria and other cardiac pathologies

Congestive heart failure (CHF) is also well-known to
cause AP remodeling {30,31] and Ca’ “-handling abnor-
malities. Ventricular (a”" -transients are prolonged, ex-

hibiting reduced amplitude, slowed relaxation, and blunted
frequency-dependence [32] while tissues {30,31,33] and
cells [34,35] from failing human ventricles exhibit AP
prolongation. Sarcolemmal NCX mRNA and protein levels
are increased in CHF [32,36,37]. Ventricular ryanodine
receptor mRNA decreases have been noted in some studies
of terminal CHF [38,39], but no change in receptor protein
fevel has been demonstrated [40]. Reduced SERCA2a
mRNA [36,41-45] expression has been a common finding
in CHF. Phospholamban mRNA is consistently reduced
{32,41,46], but not necessarily phospholamban protein
{37.41.47]. Winslow et al. [48] developed 2 mathematical
model of the failing hueman ventricular AP with o detailed
representation of subcellular Ca®-handling. They found
that changes in Ca’’-handling contribute importanily to
AP prolongation in heart failure.

Although some features of Ca’’-transients in atrial
remodeling resemble those in CHF (reduced amplitude,
loss of positive staircase), others are quite different (mini-
mal or no change in Ca’*-transient relaxation in atrial
remodeling). Whereas NCX is prominently up-regulated in
CHF, it is unchanged by atrial pacing [17,18,49]. SERCA
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expression is reduced in some clinical studies of AF
patients [49-51] and unchanged in others [18]. Ryanodine
receptors, phospholamban and calsequestrin are unaltered
in AF [18,49,51]. The present results indicate that, as in
CHF, Ca’*-handling abnormalities in remodeled atrial
cells contribute to physiologically relevant changes in AP
properties. For both pathologies, diminished [Ca“} -in-
duced inactivation of L-type Ca’” current was an im-
portant determinant of AP properties.

4.3, Novel findings and potential significance

The present study is the first to evamate quantitatively
the respective roles of ICR and Ca®" -handling abnor-
malities in the tachycardia-induced loss of atrial APD
rate-adaptation. In order to achieve these objectives, we
formulated the first atrial AP model incorporating Ca
handling formulations based on direct recordings of Ca**-
transients. Qur results point to the importance of Ca**-
handling in govemning the canine atrial AP and in under-
standing the electrophysiological basis of tachycardia-me-
diated changes in AP properties. Our results are consistent
with experimental AP studies in atrial tachycardia re-
modeling [7,11], and give insights into underlying mecha-
nisms. Because of the clinical importance of remodeling
for AF [52,53], these insights have potential clinical
relevance.

4.4, Potential limitations

The focus of this study was on the role of Ca’" -transient
changes in AP properties. A key objective of the model
was to reproduce quantitative experimental measurements
of Ca®*-transients under control and paced conditions.
This was done in a realistic mathematical model of the
canine atrial AP that implements a widely accepted
representation of the SR. It was recognized that the idea of
‘uptake’ and ‘release’ compartments is a hypothetical
construct used to explain the delay between relaxation due
1o Ca®" sequestration by the SR and availability of Ca®*
for release [54]. We acknowledge that Ca’” leak from the
SR may arise from the ryanodine receptor itself, allowing
more Ca’* to flow during diastole. What was modeled as a
change in JSR leakage may cormrespond to altered release
processes. These may also be thought of as SR release
channels recovering from inactivation [54]. A more
sophisticated representation would require much more
extensive mechanistic and quantitative experimental
studies including single Ca’* channel analysis, beyond the
scope of this study. Despite these limitations, the present
approach to model development was consistent with
known mechanisms. Solutions were unique and opmmzed
to faithfully reproduce experimentally recorded Ca™"-
transients under a variety of conditions. The AP is a

sarcolemmal phenomenon arising from trans-membrane
processes, and the modulation of these processes produced
by the Ca®" -transient depends on the cytosohc transient
per se, not on the specifics of the Ca’"-handling process
that produce the measured Ca’" -transient. Therefore, even
if the same Ca®" -transients were produced by a different
set of Ca’’-handling alterations, the results would not
change our conclusions, which depend on altered Ca’"-
transient” effects on APs and not how Ca’®* -transient
changes are achieved. The validity of the results is evinced
by the quantitative agreement between experimental and
model Ca’” -transients and APD in both control and ATR
conditions.
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CHAPTER 4

CHOLINERGIC ATRIAL FIBRILLATION IN A COMPUTER
MODEL OF A 2-DIMENSIONAL SHEET OF CANINE ATRIAL

CELLS WITH REALISTIC IONIC PROPERTIES.
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As discussed in Section 1.4.4, Moe’s multiple wavelet hypothesis (71) and classical

computer model (72) have shaped clinical and experimental conceptions of AF since the

early 1960s. However, recent experimental work has raised questions about the multiple

wavelet mechanism, suggesting a discrete “driver region” underlying AF. The present
study addressed the need for a more realistic computer model of AF that is consistent
with experimental observations, thereby providing a unified conceptual framework to
understand this complex process. I took advantage of the detailed ionic model of the
canine atrial AP that I had worked with and improved in previous studies, in order to
create a novel, realistic 2-dimensional mathematical model of canine atrial electrical

activity.
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Cholinergic Atrial Fibrillation in a Computer Model of a
Two-Dimensional Sheet of Canine Atrial Cells With
Realistic Ionic Properties

James Kneller, Rengiang Zou, Edward J. Vigmond, Zhiguo Wang, L. Joshua Leon, Stanley Nattel

Abstract—Classical concepts of atrial fibrillation (AF) have been rooted in Moe’s multiple-wavelet hypothesis and simple
cellular-automaton computer model. Recent experimental work has raised questions about the multiple-wavelet
mechanism, suggesting a discrete “driver region” underlying AF. We reexplored the theoretical basis for AF with a
2-dimensional computer model of a 5X10-cm sheet of atrial cells with realistic ionic and coupling properties. Vagal
actions were formulated based on patch-clamp studies of acetylcholine (ACh) effects. In control, a single extrastimulus
resulted in a highly meandering unstable spiral wave. Simulated electrograms showed fibrillatory activity, with a
dominant frequency (DF, 6.5 Hz) that correlated with the mean rate. Uniform ACh reduced core meander of the spiral
wave by ~70% (as measured by the standard deviation of spiral-wave tip position) and accelerated the DF to 17.0 Hz.
Simulated vagally induced refractoriness heterogeneity caused wavefront breakup as accelerated reentrant activity in
regions of short refractoriness impinged on regions unable to respond in a 1:1 fashion because of longer refractoriness.
In 7 simulations spanning the range of conditions giving sustained AF, 5 were maintained by single dominant spiral
waves. On average, 3.0 1.3 wavelets were present (range, 1 to 7). Most wavelets were short-lived and did not contribute
to AF maintenance. In contrast to predictions of the muitiple-wavelet hypothesis, but in agreement with recent
experimental evidence, our model indicates that AF can result from relatively stable primary spiral-wave generators and
is significantly organized. Our results suggest that vagal AF may arise from ACh-induced stabilization of the primary
spiral-wave generator and disorganization of the heterogeneous tissue response. The full text of this article is available
at http://www.circresaha.org. (Circ Res. 2002;90:¢73-¢87.)

Key Words: atrial fibrillation ® mathematical model m reentry m vagus nerve

S ince the early 1960s, Moe’s multiple-wavelet hypothesis!
and classical computer model? have provided the most
widely accepted conceptual mechanistic description of atrial
fibrillation (AF). AF was thought to arise from the ongoing
fractionation of activation wavefronts causing multiplication
of independent daughter wavelets. Wavelets would randomly
collide, mutually annihilate, or coalesce in a self-perpetuating
and ceaselessly-changing turbulent process. The model sug-
gested that AF is a random process, with the maintenance of
AF being a probabilistic phenomenon dependent on the total
number of wavelets. Any factor that increased the number of
wavelets would serve to perpetuate the arrhythmia, whereas
any factor that decreased the total wavelet count would favor
termination.

Recent experimental findings appear inconsistent with
predictions of the multiple-wavelet hypothesis. High-
resolution optical mapping of AF has provided evidence that
AF is not random and that a critical number of wavelets may

not be essential for AF maintenance.>s Resuits in human® -°
and experimental’-510 studies suggest that local left atrial
sources may play a critical role in AF. These data are
consistent with the hypethesis first proposed by Lewis'! that
a single or small number of sources of stable reentrant
wavefronts maintain AF.

Moe’s computer model used time-dependent functions to
represent excitability, conduction, and refractoriness in cel-
lular automata arranged in a polygonal array to represent the
atria. Ionic current properties are critical determinants of
action potential waveform, dynamics, and phase-dependence,
but were not included in Moe’s model. Our laboratory has
developed a realistic ionic model of the canine atrial action
potential {AP), which we will term the Ramirez-Nattel-
Courtemanche (RNC) model, and shown that it accounts for
a variety of experimentally observed properties.’?' The
objectives of the present study were as follows: {1} w develop
a mathematical model of a 2-dimensional sheet of canine
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atrial tissue with realistic ionic, coupling, and prcpagation
properties; (2) to incorporate a representation of ACh’s ionic
actions based on experimental observations to reproduce
cholinergic effects on the AP; (3} to study the impact of
varying intensity and distribution of ACh effects on reentrant
arthythmias in the model; and (4) to compare the determi-
nants and properties of AF in the model with those in
experimenial studies.

Materials and Methods

Model Description and Implementation

The RNC medel of the canine atrial AP was implemented.? The cell
membrane is modeled electrically as a capacitor connected in paraliel
with variable resistors and batteries represcnting the ionic channels
and driving forces. The total ionic current (/) is given by the
following:

(1) Le=hetitle et ket it et laatH oot e
+hica et hatha

I... includes contributions from the fast sodium current (), the
inward-rectifier K*-current (J,), transient outward current (1),
ultrarapid (/.a), 1apid (), and slow (Ji,) delayed-rectifier K*-
current (fy). Also included are the L-type Ca** current (/o). a
sarcolemmal Ca®* pump current (,..). the Na™/K*-ATPase current
(7). the Na*/Ca -exchanger current (Jy,c,), @ Ca**-activated Ci~
current (/c,), and background Na™ (/,y,) and Ca?™ (J,c,) currents. A
detailed tabulation of currents and their representation is provided in
Ramirez et al'2. An expression for the ACh-activated potassium
current {Jxacey) was formulated (described below) and included in
Equation 1 to account for ACh effects.

The cellular model constantly monitors intracellular concentra-
tions of Na*, K*, Ca®*, and Cl™. Sarcoplasmic reticulum (SR) Ca*”
handling is described using a 2-compartment model composed of
network (NSR) and junctional (JSR) components subserving Ca®*
uptake and release, respectively. Ca’” release from the JSR is
induced by Ca® flux into the myoplasm, with close coupling
between sarcolemmal I, channels and subcellular 7, channels. A
formulation of a Na*/Cl™ cotransporter and the background CI”
current {J, ) were added to account for CJ™ flux,'* and model g,
was increased by 25% to match AP measurements (Figure 2A). This
adjustment was justified because the density of I, in the original
RNC model was scaled to 33% of experimental findings.!?

For simulation studies of AF, a 2-dimensional rectangle of atrial
tissue was modeled as previously described.!s The tissue was
composed of a network of 300 discrete cables representing muscle
fibers. Each fiber may be viewed as a chain of myocytes that form a
syncytium in the longitudinal direction. Fibers were 10 pm in
diameter and had an axial resistivity of 390 £} - cm. Each was
uniformly segmented into 600 segments of 167-um length, such that
the computational grid comprised 300X600 segments. Adjacent
fibers were separated from one another by 167 pum and were
connected transversely by fixed resistors (10 M) placed 167 um
apart to form a brick-wall pattern of connections. Fiber resistivity
and interfiber resistance values were chosen to match propagation
characteristics observed experimentally.

The discretization factor {segment length per length constant} was
kept lower than 0.1 to prevent numerical distortions.'>!” The system
of equations was solved as previously described.’® To increase
computational efficiency, voltage-dependent expressions involving
exponentials were precomputed with a 50-1V resolution and stored
in a table indexed by voltage.!® A table with a resolution of 8.75 -
1077 mmoV/L was also used to compute E, from [Ca’"]. Calcula-
tions were performed using a time step of 5 us on 32 processors of
a 64-processor Origin 2400 computer (Silicon Graphics) and 16
processors of an Enterprise 10000 (Sun). In this way, individual
simulations of 5 seconds of activity (designated as “sustained AF” in
Figures 6 and 7 and 10 through 12) requiring the solution of

4.14X10° coupled equations over 10° time steps could be accom-
plished in 12 to 18 hours, rather than the 5 to 7 days that would be
necessary with a single processor.

This implementation achieved an atrial conduction velocity V)
anisotropy ratic of ~2.4:1 and a longitudinal CV of ~100 cm/s,
equal to the average of 5 measurements made from canine right atrial
{RA) free wall, RA Bachmann's bundie, RA inferior wall, left atrial
(LA) Bachmann’s bundle, and LA free wall.® The computational
substrate had dimensions of 5X 10 cm, achieving an activation time
during longitudinal  propagation of =100 ms, compatible with
experimental measurements.>

Twe-Dimensional Simulation Protocels

Model effective refractory period (ERP) was measured by simulating
the experimental protocols of Wang et al.?! A square electrode,
~0.8 mm per side, was used to best compare with the 2-pronged
hook electrodes in experiments (each ~0.5 mm per side). All stimuli
were 180 pA/em? in strength and 1 ms in duration. CV was
calculated in the longitudinal direction between electrodes posi-
tioned 0.5 cm apart, and the proximal electrode was a sufficient
distance from the stimulus site such that the wavefront was planar.
Proximal segments were stimulated from rest at cycle lengths of 200
and 400 ms, and a single premature stimulus (S;) was delivered afier
every 15 basic (S,) stimuli. ERP was defined as the longest 8:-5;
failing to initiate a propagated response. In the presence of increasing
[ACh], the §,-8, interval was initially set at the ERP of the preceding
concentration and reduced such that ERP measurements were accu-
rate within 0.5 ms. CV was measured from S, pulse trains at each
concentration. The wavelength (ERPXCYV), thought classically to
represent the minimum path length for reentry and to determine the
size of functional reentry circuits, was computed as previously
defined.2122 Reentry was initiated using a cross-shock protocol.?” An
S, stimulus was applied along the uppermost cable, creating a
wavefront propagating uniformly in the transverse direction. Before
the recovery front reached the half-way point, an S, stimulus was
applied to 1/4 of the sheet, establishing a single phase singularity and
initiating reentry.

Potential Maps

For display purposes, propagating wavefronts over the entire com-
putational substrate were visualized by constructing potential maps
on a 25X50 pixel display grid, after verifying that observed
activation patterns were not distorted by this approach. The trans-
membrane potential was sampled at the center of each 12X12
segment square on the computational grid after each millisecond.
The visual display of static potential maps in Figures 4, 5, 6, 8, and
10 through 12 was enhanced in a postprocessing step using Image
Magick software (Dupont). Corresponding movie supplements re-
tained the original sampling resolution and can be found in the online
data supplement available at http://www.circresaha.org.

Simulated Pseudounipolar Electrogram

A unipolar electrogram for a sheet of cells under conditions of
uniform intracellular anisotropic resistivity (assuming the sheet was
immersed in 3 bath of infinite size} was simulated as previously
described.'” The extracellular potential (®,) is given by the
following:

MoH
B fionti g
@ CUP)=gm 2 2T,

i=1 j=1

where M and N are the total numbers of segments in the longitudinal
and transverse directions, respectively, and r;, is the distance from
the observation point (P} to the center of the volume element (V) at
node 4. The value of 5, =100 {2 - cm is close to that of 8.9% saline
solution.’

Signal Analysis

To compare the frequency content of experimental and model
electrograms, spectral analysis of signals was performed with fast
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Fourier transformations (FFTs).> * Content in the 0 to 60-Hz band
was analyzed. Because it was possible to scale model results
uniformly, FFTs of electrograms recorded at various observation
points during the same simulation were normalized to the largest
peak to facilitate comparison of the relative power of spectral peaks
between sites. Activity was sampled at 1000 Hz (i ms) for 5000
frames (=5 seconds), providing a spectral resolution of 0.2 Hz.

Experimental Techniques for Iiacn
Characterization

Single canine atrial myocytes were isolated as previously de-
scribed.2* The right atrium from adult mongrel dogs (20 te 26 kg) of
either sex was dissected and mounted via the right coronary artery to
a Langendorff perfusion system. Preparations were first perfused
with Ca’*-containing Tyrede’s solution at 37°C and then with
Ca**-free Tyrode’s solution for 20 minutes at 12 mL/min, followed
by the same solution containing collagenase (110 U/mL CLS 1f;
Worthington Biochemical) and 0.1% BSA. Dispersed cells were
stored in KB medium at 4°C.

The Tyrode’s solution contained (in mmol/L) NaCl 136, KC1 5.4,
MgCl, 1, CaCl, 1, NaH,PO, 0.33, glucose 10, and N-2-
hydroxyethlypiperazine-N’-2-¢thanesulfonic acid (HEPES) 5; pH
7.4 (NaOH). The KB medium contained (in mmol/L) KC1 20,
KH,PO, 10, glucose 25, potassium glutamate 70, B-hydroxybutyric
acid 10, taurine 20, EGTA 10, mannitol 40, and 0.1% albumin; pH
7.4 (KOH). The pipette solution contained (in mmol/L) GTP 0.1,
K*-aspartate 110, KCI 20, MgCl, 1, Mg-ATP 3, HEPES 10, EGTA
10, and phosphocreatine 5; pH 7.3 (KOH). /,, contamination was
prevented with a holding potential (HP) =—50 mV. Other currents
were minimized by bath inclusion of 1 umol/L dofetilide (to inhibit
I}, 20 pmol/L 293B (Aventis, /), 10 pumol/L glyburide (ATP-
sensitive K~ current), and 200 umoV/L Cd™* (J.,).

Qur patch-clamp techniques have been described in detail.®® Iy ey,
was recorded with whole-cell voltage-clamp and an Axopatch 200B
amplifier (Axon). Electrodes filled with pipette sclution had tip
tesistances of 1 to 3 Mf). Seal resistance averaged 15*1 G{Q.
Capacitance and series resistance (R,) were electrically compensated.
Before R, compensation, the capacitative time constant was 412212
ms and R, averaged 5.0+0.4 MQ. After compensation, the time-
constant was 111+4 ms (capacitance, 71+4 pF), and R, 1.4=0.1
MQ, Experiments were conducted at 362 {°C. Steady-state current
was recorded during 300-ms voltage steps from a HP of —40 mV
under control conditions and then with 0.02 (n=6 cells), 0.1 {(n=8),
1 (n=18), and 10 umoV/L (n=6) ACh. These concentrations spanned
the range of /¢ acy, aCtiVity; no Jac, was elicited at 0.01 umol/L and
current was maximal at 10 pmol/L.

Experimental Determination of Cholinergic Effects
on the AP

APs were recorded from intact atria using standard microelectrode
techniques as described previously.?® Adult mongrel dogs (n=7, 20
to 32 kg) were anesthetized with pentobarbital (30 mg/kg 1V). Their
hearts were removed, and the right atrium was dissected and
perfused via the right coronary artery with Krebs’ solution (37°C, pH
7.33 to 7.40, 95%-0,/5% CO,) containing (in mmol/L}) NaCl 120,
KC! 3.8, CaCl, 1.2, MgSO, 1.2, KH,PO, 1.2, NaHCO, 25, and
glucose 5.5. Arterial leaks were ligated and the tissue perfused at 10
to 12 mL/min, approximating normal canine atrial flow.?s Prepara-
tions were stimulated endocardially with square-wave pulses (4-ms),
1.5 te 2 times diastolic-threshold current. Glass microelectrodes were
filled with 3 mol/L KC1 (12 to 20 M{2) and coupled to an Axoclamp
2B amplifier.

Endocardial APs were recorded afler pacing to steady state at 0.1,
0.2. 1, 2, 4. and 6 Hz before and during perfusion with carbamyl-
choline {Sigma). Carbamylcholine was used to obtain reproducible
dose-response relations as ACh is rapidly broken down by tissue
cholinesierases. Carbamyicholine concentrations of 0.1 and 1
umol/L were used. as the AP was maximally reduced at 1 pmol/L.
The stimulus site was at least 1 cm from the impaled cell,”” and an
interval of constant resting potential between the stimulus artifact
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and the AP was confirmed.?® Recovery of control AP morphology
was confirmed on washout.

Termineology
The following terminology was used:

AF: defined by rapid and irregular electrograms with varying
morphologies. Potential maps. were required to demonstrate propa-
gation along lines of block and ongoing wavefront breakup, which
changed on a cycle-to-cycle basis. 4

Wavebreak: a discontinuity that allows contact berween a wave-
front and its own repolarization tail. Wavebreak occurs after block-
ade along a wavefront while remaining segmenis continue to
propagate.*

Phase Singularity (PS): a point around which any arbitrary
neighborhood contains all phases of the waveform. It is often the
point where the depolarizing front and repolarizing tail of a wave-
front meet.?? PSs arise from wavebreaks and are located at the
instantaneous center of rotational activity.*

Rotor: a spiral wave of excitation rotating around a PS for 1 or
more cycles.4

Chirality. the sense of rotation, clockwise or counterclockwise,
around a PS.*

Core: area circumscribed by the trajectory of a PS. A small region
of excitable but unexcited tissue around which a rotor rotates.®

Waveler: segments of excitation wavefronts, regardless of size,
flanked by 2 PSs or a PS and 2 boundary 4

All data are presented as mean®SD.

Results

IK(ACh) Formulation
Figure 1A shows facy, /-V relations and the model fit. The
current was formulated as follows:

a;

e V—E
V+a2:l}( K)

(3) I=|ag+
1+exp[

a;

Parameters were determined by nonlinear regression (107
error tolerance) at each concentration using the experimental
reversal potential Ey and are listed in the Table.

The dose-response relation was determined using nonlinear
regression and is given by the following:

1
1+ ECw |
[AChY

) E=Enu

where ., is the maximal effect, ECy, is the concentration for
half-maximal effect, and » is the binding order. The dose-
response characteristics were best reproduced with £, =10,
EC;=9.13452, andd n=0.47781 (Figure 1B).

Expressed in pA/DF, faon 8 given by the producy of
Equations 3 and 4 (as indicated in Equation $j:

&)
B 10 oosine 04516 ,
S 7 N L ("=Eo.
! +[Ach}o.477sn S T

with the best-fit parameters at 1 pmol/L from the Table.

Figure 1C shows model /ey, with accompanying APs at
{ and 6 Hz in control and with 0.003 pmol/L and 0.03
umoV/L ACh.
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Figure 1. A, luacn /-V relations (data points are mean=SD) fit
using Equation 3 {red curves). B, Data and mode! dose-
response characteristics given by Equation 5. C, Model fkacy
{top) and APs (bottom) during 1 and & Hz as a function of [ACh].
Markers at left indicate 0 pA/pF (fop) and 0 mV (bottom).

Experiment and Model AP Comparisons

Figure 2 compares experimental (left) and model (right)
results. Mean AP durations (APDs) to 90% repolarization
(APDy,) are shown in Figure 2A. Representative APs are
shown in Figure 2B. ACh concentrations of 0.003 and 0.03
umol/L had effects in the model similar to carbamylcholine
(CBC) concentrations (0.1 and | pumol/L} producing moder-

- 4
-

Equation 3 Coeflicients for Each [AChH]

{ACH],
;Lme‘l’ L 30 a1, az 33

002 1.3384-107% 22663 -107° 8.0253 10" 5.0714-10°
0.1 25400 - 1072 1.4080 - 107 6.5730 - 10 1.1690 - 10°
1" 51700 - 102 45180 - 107 5.8530 - 10" 1.7180 - 10
10 861761072 56040 - 107" 6.3561 - 10" 2,3897 - 10'

=1 umol/l parameters used in Equation 5.

A experiment model

308 CTL
@
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3 stpMcBC 0.003 M ACh ¥
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Figure 2. Comparison of experimental {left) and modet (right) AP
properties. A, Mean=SD experimental (n=7 dogs) and model
AP duration, with representative experimental recordings {left)
and model simulations {right} illustrating the dose responsea of
AP changes (B), rate adaptation under control conditions (C),
and abaolition of rate-adaptation by ACh (D). CTL indicates con-
trol; CBC, carbamyicholine.

ate and strong APD abbreviation in tissue preparations and
were therefore used in model simulations. Consequently, all
model simulations were conducted within the range of ACh
concentration over which the Ji acy, /-V relation was in closest
agreement with experiments (Figure 1B). Overall APDq; was
reduced at maximum cholinergic stimulation by 81.7% and
73.8% in experiments and the model, respectively. APD rate
adaptation (the difference in APDy, from 0.1 10 6 Hz) was
substantial under control conditions {144 ms in experimenis
and 175 ms in the model; Figure 2C), but nearly abolished at
maximal {ACh] (14 ms in experiments and 19 ms in the
model; Figure 2D). Resting membrane potential was slightly
hyperpolarized By Fyucn. Mo significams ACh-dependent
changes in AP amplitude and upstroke velochy (V. were
discemibie.

Experiment and Model Distributed Properties

Figure 3B compares in vivo measurements of camine atrial
ERP at increasing levels of vagal stimulation in the
2-dimensional model as [ACh] was increased.?! In the ab-
sence of ACh, the model ERP agreed well with experimental
controls (166 versus 160 ms, respectively). Consistent with
AP findings, ERP matched experimental data at maximal
vagal stimulation (83 versus 60 ms, respectively). Like
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Figure 3. Comparison of mode! distributed properties at various
[ACh] with experimental data at control and peak vagal effect
from the literature, including ACh-incuced acceleration of reen-
try cycle-length (A), ERP-shortening (B), unaltered CV (C), and
wavelength reduction (D). Data are from lkeda et al* and

Wang et al.®

experimental data, model CV changes due to ACh were
minimal (Figure 3C).2131 Associated wavelength reductions
agreed quantitatively with experimental findings and paral-
leled ERP changes because CV was relatively constant
(Figure 3D).2!

ACh accelerates the rate of atrial reentry.>'» To evaluate
this effect in the 2-dimensional model, reentry was initiated
under control conditions (no ACh) and then with increasing
{ACh]. The reentry period was determined from activation
times in the upper left corner of the grid. In the absence of
ACh, model reentry periods (Figure 3A) agreed with exper-
imental controls.* The mean rate increased 2.7-fold across
concentrations, whereas the SD decreased by 95%, indicating
that ACh had accelerated and organized reentry.

Reentry in the Absence of ACh

Figure 4A shows a representative example at a single time
point of a single reentry circuit under control conditions.
Animation of activity in Figure 4A is also provided as an
online-only movie (see online Movie 1). The rotor was
unstable, propagating along a hypermeandering and irregular
trajectory. The mean reentry cycle length was 155£16 ms
(range, 132 to 195 ms), in agreement with previous measure-
ments in isolated canine right atria (16220 ms; range, 130 to0
220G ms).3 The cycle-to-cycle variability in position was
quantified by plotting the trajectory of the rotor tip in 10 ms
intervals {Figure 4B).2° The standard deviation of the longi-
tudinal position between cycles was 0.95 cm. The core area
was calculated by dividing rotor-tip points into cycles (n=10}
and constructing polygons traced by the tip for each cycle.
The mean core area per cycle was thus determined to be
2.78+0.42 cm®. Sustained activity was rare in the absence of
ACh. In this example, the wave encountered the no-flux
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Figure 4. Unstable reentry under controt conditions, A, Repre-
sentative membrane potential map during activity (at time point
indicated, in milliseconds). Asterisk indicates tip of the spiral;
solid arrows, direction of wavefront propagation; and dashed
amow, chirality of the spiral. Trajectory of the tip of the spiral
wave is plotted as a function of time (B, left) and in the space
domain only (B, right). Electrograms shown from within the
region of meander (C) and a distal region activated by wave-
fronts emanating from the spiral wave (D) are iffustrated, along
with corresponding FFTs. Blue arrows indicate higher harmonics
of dominant frequencies.

boundary at the edge of the tissue substrate and terminated
after =3 seconds of spontaneously sustained activity.
Electrograms were recorded within the region of reentry
(Figure 4C) and at a more remote area {Figure 4D). In
agreement with previous findings that a single meandering
spiral is sufficient to produce AF-like electrograms,’!34 3¢
electrogram complexes at both sites were rapid, irregular, and
polymorphous. Activaiions af the distal site wers iregular
because of the nonuniform rate of reentry (Figure 4D As
observed experimentally,® signal polymorphism (variability
in size and shape of electrogramis) was greater in proximity to
the spiral-wave core (Figure 4C). When the core drifted away
from the recording site, electrical activity exhibited large-
amplitude complexes. Return of the core again decreased
signal amplitude. Large complexes were indicative of local
activation, whereas deflections <10% of these were consid-
ered 1o be passive depolarizations (red arrows).>* FFTs of
electrograms revealed narrow-banded frequency content con-
taining discrete peaks, with a dominant frequency (DF}at 6.3
Hz that correlated with the mean cycle length (Figures 4C and
4D). Higher-frequency peaks at decreasing power represent
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Figure 8. Organization of reentry by ACh. A, Representative
membrane potential map during activity {time point indicated in
milliseconds). Asterisk indicates tip of the spiral; solid arrows,
direction of wavefront propagation; and dashed arrow, chirality
of the spiral. Trajectory of the tip of the spiral wave is piotted as
a function of time (B, left) and in space oniy (B, right). Electro-
grams are shown from within the region of meander (C) and
from a distal region activated by emanating wavefronts (D),
along with corresponding FFTs. Blue arrows indicate higher har-
monics of dominant frequencies.

harmonics of the DFs (blue arrows). The notches that broaden
each harmonic were attributed to meandering of the spiral
wave pivoting point around an instantaneous center that
drifts, with possible modulation by the Doppler phenome-
non.¥’38 Comparison of Figures 4C and 4D indicates that
spectral power was reduced in proximity to the spiral core.

Organization of Reentry by ACh

Figure 5A shows a single reentry circuit with 0.03 amol/L
ACh distributed uniformly over the computational substrate.
Animation of activity in Figure 5A is also provided as an
online-only movie (see online Movie 2). Reentry was orga-
nized into a stable stationary rotor (Figure 5B). The mean
cycle length was 58*0.8 ms, a 2.7-fold rate increase from
control {Figure 3A). Reflecting increased organization, the
standard deviation of the position was 0.28 cm, reduced by
70% from control. The area of the core was 1.25£0.097 cm?,
reduced by ~=55% from conrol.

An electrogram within the spiral core (+, Figure 5C) and
an example representative of activity at more distal locations
{o, Figure 5D} are shown. Complexes were uniform and
regular outside the core, characteristic of atrial flutter.3®

Within the core, meander of the spiral tip caused polymorphic
activity, FFTs of electrograms reflected global organization.
A dominant peak at 17.0 Hz comrelated with the mean rate of
reentry. Discrete peaks at higher harmonics were also seen
(blue arrows). An additional peak at 28 Hz (Figure 5C) due to
meandering of the spiral may be seen as a high-frequency
wobble of the spiral core in the online Movies. This motion
was not evident at the distal site (Figure 5D). Spectral power
was markedly reduced within the core.

APD Heterogeneity and AF

Cholinergic effects are heterogeneously distributed in
vivo,#04t To investigate the role of dispersion of APD and
refractoriness in AF, ACh concentration was varied according
to a sinusoidal distribution across the computational sub-
strate. Equation 6 gives the distribution of ACh at position
x, y as follows:

(6)
ACh(x, v)=bsg [t +Bsin(27-Cx+ d)cos(2m-Cy)]

where 1=x=600 and 1=y=300 along the longitudinal and
transverse dimensions, respectively, bac, represents baseline
{ACh], B determines the relative amplitude of ACh oscilla-
tions around b, with 0=B=1, and C controls the periodicity
of the spatial distribution. ®=0 by defauit but was set to 7/2
to initiate reentry when the heterogeneity was such that the S,
stimulus encountered block in the transverse direction and
failed to launch a rotating circuit.

Equation 6 created APD and consequently ERP gradients
(graded changes from lowest to highest ACh concentrations).
To obtain an estimation of spatial APD variation, the entire
substrate was stimulated from rest at 6 Hz, and AP duration
to —60 mV (APD_,) was measured across the grid for the
10th pulse. APD_, was used because —60 mV is the
approximate voltage at which excitability is restored and
APD_, is therefore closely related to the ERP.

Reentry was simulated at varying [ACh] distributions
(distance between lowest and highest concentrations) and a
constant mean [ACh). Figure 6 shows representative results.
When [ACh] was closely distributed (Figure 6A; ~0.67 cm),
elecirotonic influences limited APD variations; the spiral was
distorted, but lines of block failed to formn and no wavebreak
resuited. Electrograms were regular, and associated FFTs
confirmed a single discrete peak throughout the recording
field. AF resulted when [ACh] gradients were distributed
over larger distances (Figure 6B; 3.3 un). Ongoing breakup
into independent wavelets was observed, Elscirograms were
irregular and polymorphous. FFTs were disorganized, yet
frequency content was narrow-banded with one or multiple
discrete peaks, the largest of which comrelated with mean
frequency. Flutter-like activity was restored when the ACh
distribution was sufficiently diffuse (Figure 6C; 10 cm).

The DFs were from 12.2 to 15.3 Hz, reflecting substantial
ACh-induced acceleration of reentry relative to control (Fig-
ure 4), despite the absence of ACh in certain regions. In
Figure 4A, stable reentry was possible at the rapid rate
because electrotonic modulation shortened ERP in regions
where ACh was-absent. In Figure 4B, the greater dispersion
of vagal effects decreased electrotonic modulation, and on-
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going breakup occurred because reentry was faster in regions
of high [ACh] with short ERP, causing wavefronts to impinge
on zones of greater refractoriness in regions with low {ACh].
The spiral wave in Figure 4C rotated in a region of high
[ACh] with a DF (15.3 Hz) close to the mean reentry rate for
0.015 pmol/L (=67 ms; 14.9 Hz) uniform ACh (Figure 3A),

Baseline APD_, values ranged between 28 and 81 ms in
Figures 4A through 4C, with differences being greater at the
largest distributions (smallest electrotonic attenuation). Al-
though this analysis provides a useful approximation of the
dispersion of repolarization, variations in local activation rate
during AF change APD on a cycle-to-cycle basis: this
adaptation is important to AF-like dynamics. At rapid rates of
AF (DF =12.2 Hz), regions of block result in local episodes
of 2:1 conduction that increase the range of APD_, values. In
contrast to the static APD_g values shown in Figure 4B,
APD_, was 65%23.6 ms {range, 15 to 111 ms) in cells with
0 umoVL ACh and 34.3%3.3 ms (range, 30.1 t0 34.9 ms) in
cells with 0.015 umol/L.

Results in Figure § indicate that AF only occurred for
certain heterogeneity conditions. Figure 7 shows an analysis
of the relationship between the combinations of concentra-
tions and spatial distributions and AF occurrence. Each entry
in the graphic represents results from 1 of 67 simulations. The
minimura [ACh] was 0 and the maximum for each simulation
is shown on a logarithmic scale on the vertical axis, with
{ACh] distributions (distances between maximum and mini-
mum [ACh]) given on a logarithmic scale along the horizon-
tal axis. “Sustained AF” was defined as AF >5 seconds.

i 1—-!220(1
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Figure 6. Effects of APD heterogeneity on reentry.
Top left, ACh distribution, Top right, APD distribu-
tion. Bottom left, Membrane potential maps {(at the
times indicated in milliseconds); bottom right, elec-
trogram simulations at the points given by the “+”
symbols in the ACh distribution gnids, with corre-
sponding FFTs at the right. Blue arrows indicate
higher harmonics of dominant frequencies. Reentry
was stable and activation uniform when APD gra-
dients were closely-distributed (A} or sufficiently
diffuse (C). AF resuited when APD gradients were
distributed at =3 cm {B).
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Conditions were classified as “fibrillatory” if AF-like activity
was not sustained. Conditions were said to be “nonfibrilla-
tory” when no wavebreak occurred. Fibrillatory distributions
ranged from 1.25 t0 2.5 cm at low [ACh] to 1.25t0 7.5 cm at
high [ACh]. Sustained AF occurred only at high [ACh] when
APD gradients were large and distributed between 1.88 and
5.0 cm (mean 3.33 cm). Results in Figure 7 suggest that the
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Figure 7. Role of [ACh] heterogeneity in the occurrence of AF at
various combinations of [ACh] gradients and distributions. Each
entry in the graphic presents results from 1 of 67 5-second sim-
ulations. The minimum [ACh] was U and the maximum for each
simulation is shown on the vertical axis. Concentration distribu-
tons {distances between maximum and minimum concenira-
tions) are on the horizontal axis.
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Figure B. Role of [ACh] gradients as
mean [ACH] increases. Effects of [ACh] at
0.0003 {A} and 0.003 umolL. (B) wers
simulated and concentration osciilations
imposed at +10% increments of base-
ling. For each condition, potential maps
show dynamics at identical times (ms} to
iflustrate changes. At increasing [ACh),
larger [ACh] gradients were needed to
induce wavebreak (x50% in A versus
+70% in B). Vertical red arrows indicate
regions of instability and wavebreak.

ACh effect must be sufficiently strong to permit sustained
AF, and that as ACh concentration increases, larger spatial
distributions are needed for fibrillation. To determine the
effect of higher ACh concentrations with smaller differences
between peak and trough concentrations, 7 additional simu-
iations were conducted with peak [ACh] of 0.03 pumol/L and
trough [ACh] of 0.015 umol/L (at all distributions); nonfi-
brillatory activity was observed in all cases (resuits not
shown). '
Vagal stimulation reduces mean ERP while increasing
ERP heterogeneity in vivo.*? Figure 8 illustrates the role of
concentration gradients in ACh-related AF as cholinergic
tone increases. Potential maps show the initiation of reentry,
and subsequent activity at the simulation time (ms) indicated
in the upper left comner. In Figure 8A, 0.0003 pmol/L mean
[ACh] was distributed at 2.5 cm, and concentration oscilla-
tions (the difference between maximum and minimum
[ACh}) were imposed in increments of ®=10% of this base-
line. When concentration oscillation amplitude was increased
from £40% (left panels) to £30% {right panels), waveiront
thinning (arrows) became clear at 1130 ms, resulting in a

transition from flutter-like to AF-like dynamics (1175 ms).
FFT alterations reflected the increased disorganization. Fig-
ure 8B shows results with a 10-fold increase in mean [ACh]
{(0.003 pmol/L). This time, a transition from flutter-like to
AF-like behavior was observed when concentration osciila-
tion amplitude was increased from £60% to =70%. Results
at %50% are also shown, as wavebreak (arrows) was clearly
observed at £60% (497 and 1420 ms}, vet without 2 change
in the overall activation pattern. The instabilities at 2460%
were reflected in electrogram changes, although AF-like
signals were only observed at £70%. These results demon-
strate that as baseline [ACh] increases, larger [ACh] oscilla-
tions are needed for fibrillation. DFs were at 8 Hz (Figure 8A)
and 11 Hz (Figure 8B). These rates are comparable to the
reentry rate at a homogeneous [ACh} (Figure 3A; cycle-
lengths 125.4 and 92.5 ms, respectively) equivalent to the
mean under each condition, indicating that mean concentra-
tions were the primary determinants of DFs. Otherwise,
spectral power was markedly reduced after breakup, suggest-
ing frequency modulation by competing transient circuits. As
in Figure 6, breakup occurred because reentrant activity
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Figure 9. Analysis of lifespan of wavelet PSs during AF in milli-
seconds and rotations. Model results {B) are compared with
experimental studies of Chen et al* {A).

propagated faster through regions of short refractoriness
(higher [ACh]) and impinged on zones of prolonged refrac-
toriness {lower [ACh]). Breakup occurred when ACh oscil-
lations were sufficiently large that electrotonic modulation
failed to bring refractory zones of low [ACh] regions within
the accelerated reentry period.

PS Lifespan Analysis

Chen et al® used a novel phase analysis technique to charac-
terize experimentally observed wavelets on the basis of PSs
in a sheep model of cholinergic AF (Figure 9A). To compare
results of our model with these data, manual measurement of
PS (n=1696) lifespans was performed in the 7 simulations of
sustained AF discussed above (Figure 9B). As in the exper-
iments of Chen et al, the majority of PSs were short-lived:
93% lasted less than the average rotation peried of reentry
(=95 ms), and 78% lasted <50 ms. PSs persisted for more
than 1 rotation but less than 1 second (=10 rotations) in 6.5%
of cases. Nine PSs (=~0.5%) belonged to stable high-
frequency circuits and acted as sources generating shorter-
lived wavelets. Five of seven simulations with sustained AF
were maintained by 1 PS lasting throughout the simulation
(single-spiral AF). Two were maintained by a succession of
long-lived PSs, with no more than 2 present simultancously.
On average, 3.0x 1.3 wavelets were present at any one time.
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Mechanisms of AF Maintenance

AF Maintained by a Single Spiral Wave
Figure 10 shows an example of AF maintained by a single

spiral wave. The distribution of [ACh] (1.67 cm), an APD
distribution map, electrogram recording sites, and a represen-
tative potential map during AF are shown (Figure 10A).
Animation of activity in Figure 10A is also provided as an
online-only movie (see online Movie 3). A functionally
determined rotor with clockwise chirality was located near
{+) and acted as a primary source of activity, generating
impulses that fractionated into multiple independent wavelets
along-the heterogeneous substrate. Most died out without
incidence. Several PSs with opposite chirality attached to
functional anchors near the right border and persisted for 1 to
3 rotations. An average of 3.5%1.2 wavelets were simulta-
neously present, with 6 to 7 at times of peak disorganization
{Figure 10D). Wavelets tended to multiply from the primary
spiral and would at times coalesce to form a large unstable
circuit, reducing the wavelet count to 1. These episodes of
global organization were short-lived, however, as activity
cycled through varying degrees of complexity. Sequences of
spatiotemporal periodicity were evident throughout.

Representative examples of electrograms recorded near
(+, Figure 10B) and distal to (o, Figure 10C) the primary
circuit are shown. The irregular propagation patterns were
associated with decreased electrogram amplitude and in-
creased morphological variability at the distal site. Although
the power of the major spectral peak was also reduced. DFs
at both locations were the same (11.2 Hz) and correlated with
the mean cycle length of the dominant circuit (89.3 ms), as
expected for AF arising from a relatively stable periodic
source. Frequency content was narrow-banded with discrete
spectral peaks between 8.7 and 19.7 Hz. The DF was slower
than the reentry rate with uniform ACh (Figure 3A; 13.1 Hz)
at the same mean concentration (0.0075 pmol/L), indicating
that heterogeneity slowed reentry. The reduced rate is due to
anchoring and slowing of the dominant spiral about a func-
tional obstacle and the effects of electrotonic modulation,
through which influences from regions of low [ACh] increase
APD in regions of high [ACh]

AF Maintained by Muliiple Spiral Waves
AF sustained by multiple sources has also been observed,

which may appear sporadically? or be spawned several
centimeters away from the point of initiation.® Figure 11
shows an example of AF maintained by up to 2 spiral waves.
The distribution of JAChH] {3.33 e}, an APD distribution
map, electrogram recording sites, and a representative poien-
tial map of activity are shown (Figure 11A). Animation of
activity in Figure 11A is also provided as an online-only
movie (see online Movie 4). AF initially arose from a primary
rotor below (+). This spiral failed to anchor, increasing the
variability of the PS trajectory. Emanating impulses impinged
on refractory tissue, fractionating into wavelets with variable
chirality. This time, many more PSs completed muitiple
reentry cycles, competing with the primary spiral. At =~2.5
seconds the initial primary spiral died out along the bottom
right border, at the time indicated by the black vertical line in
Figure 11C. A second generator of opposite chirality origi-
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Figure 10. AF maintained by a single spiral wave. A,
Top left, [ACh] over the grid; Bottom left, APD disti-
bution; Right, a representative transmembrane
potential map at one time point during AF. Asterisk
indicates tip of the spiral; solid arrows, direction of
wavsfront propagation; and dashed arrow, chirality
of the spiral. The larger symbols correspond to the
primary spiral; smaller symbols to transient wavelets
generated Dy the primary spiral. Electrograms were
recorded near the source (B) and distally (C). Corre-
sponding FFTs are at the right. D, Number of wave-
lets present at each time.
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nated from wavebreak at =~2.3 seconds, then assumed dom-
inance and sustained fibrillation for the duration of the
simulation (indicated as “generator 2” in Figure 11C). No
appreciable difference in the reentry periods of the generator
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spirals was found. Figure 11A of the figure shows activity
when both generator spirals coexisted. An average of3.021.4
wavelets were simultaneously present. with as many as 7 at
times of peak disorganization (Figure 11D). Sequences of

Figure 11. AF maintained by multiple spiral waves.
A, Top left, [ACh] over the grid; Bottom left, APD
distribution; Right, a representative transmembrane
potential map at ons time point during AF. Asterisk
indicates tip of the spiral; solid arrows, direction of
wavefront propagation; and dashed arrow, chirality
of the spiral. In this example, one primary spiral
maintainsg AF untit 2.5 seconds of the simulation.
Triz was then replacsd by & second spiral oniginat-
ing from wavebreak at 2.3 seconds, which sus-
tained AF for the rest of the smulation. Map in A
was obtained at an instant when both the initial
generator (1) and the second spiral {2) coexisted.
Elsctrograms were recorded near the source (B) and
distally {C). Corresponding FFTs are at the right. D,
Number of wavelets present at each time.
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24

Figure 12. Apparent multiple-circuit AF. A, Top
teft, [ACh] over the grid; Bottom left, APD distribu-
tion; Right, a representative transmembrane poten-
tial map at one time point during AF. Asterisk indi-
cates tip of the spiral; solid arrows, direction of
wavefront propagation; and dashed arrow, chirality
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spatiotemporally periedic propagation patterns arising from
both generators were evident. Heterogeneity was such that the
minimum path length for reentry of transient circuits was
clearly not determined by the wavelength for all cycles, as
calculated in Figure 3D and Wang et al*! and Rensma et al.?

Electrograms recorded at all sites were characteristic of
AF. Representative examples of electrograms recorded near
{(+, Figure 11B) and distal to (o, Figure 11C) the primary
sources are shown. Matching DFs (9.7 Hz) in Figures 11B
and 11C indicated that activity at both sites arose from the
same generator-type spiral. The rate was slower than in
Figure 10 because refractory regions were broader, increasing
the cycle length around functional obstacles. The amplitude
of signals near the primary sources was reduced by the
proximity of the cores, whereas the spectral profile at the
distal site ‘was much less organized due to the competing
influence of other transient spirals,

Apparent Multiple-Circuit AF

Figure 12 shows an example of AF maintained by a single
spiral wave (=~2.8 cm dispersion), which gives the appear-
ance of multiple-circuit AF. Figure 12A shows a representa-
tive potential map during AF and animation of activity is
provided as an online-only movie (see online Movie 5). A
single spiral-wave generator was located below (+) and
persisted for the duration of the simulation, although numer-
ous PSs completed multiple reentry cycles. The mechanism
of breakup was the same as in other simulations of AF
(Figures 6, 8, 10, and 11). On average, 3.1x1.2 wavelets
were present, Electrograms recorded at all sites were charac-
teristic of AF. Electrogram frequency content near the pri-

of the spiral. Larger symbols correspond to the
primary spiral; smalier symbels to transient waves
emanating from the primary spiral. Electrograms
were recorded near the source (B) and distally (C}.
Corresponding FFTs are to the right. D, Number of
wavelets present at each time,

mary source (+, Figure 12B) was narrow-banded, with a
dominant discrete peak (12.0 Hz) that corresponded to the
mean period of the source (=80 ms). DFs were greatly
reduced in Figure 12C and lower frequencies were more
prominent, reflecting a process of spectral transformation**
between the generator region and the distal site. It might have
been expected that the DF would fall between those in
Figures 10 and 11, because the spatial dispersion of [ACh} in
Figure 12 is intermediate between those in Figures 10 and 11.
The DF was faster, however, likely because of the net effect
of less electrotonically-mediated ERP increase in regions of
high [ACh] than in Figure 10 (favoring an increased rate of
reentry), smaller functional obstacles than in Figure 11, and
less interference by competing transient circuits than when
AF was maintained by multiple spirals (Figure 11).

Discussion
We have developed a mathematical model of canine amial
slectrophysiology and cholinsrgic actions that reproguced
experimentally observed AF dynamics. AF in the model is
maintained by primary reentry sources, which are oftes single
dominant spiral waves, but may also involve more than one
spiral wave in succession with periods of overlap.

Model Studies of AF

Since the early 1950s, Moe's multiple-wavelet hypothesis!
has shaped clinical and experimental conceptions of AF. To
test his hypothesis, Moe et al?> developed a simple cellular
automaton computer model of canine atrial tissue and cho-
linergic AF containing 992 4-mm diameter tissue-units in a
12.4X 12 .8 cm atrial sheet. Under control conditions, CV was
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~80 cnv/s and conduction time =~ 160 ms (about twice typical
experimental values). Units were programmed with rate
dependence of the absolute refractory period. CV dropped to
20 cmy/s during the relative refractory period (30 ms fixed
duration), slowing propagation to extremely low levels during
repeated stimulation. ERP heterogeneity was randomly dis-
tributed, permitting maximal ERP gradients between adjacent
units, as electrotonic modulation was not incorporated.

Moe acknowledged that this substrate bore only a limited
resemblance to atrial tissue electrophysiology and recognized
severe limitations to the computer representation and capac-
ity. The strength of the model was that it displayed sustained
turbulent reentrant activity resembling fibrillation. Limita-
tions included the nonphysiological determinants of the
cellular-automaton substrate, totally random ERP distribution
(impossible with physiological electrotonic interactions}, and
CV heterogeneity, on which fibrillation depended. The model
suggested that AF is a totally random process maintained by
the ongoing multiplication of wavelets, with 23 to 40 needed
at any time.

Our model included a complete ionic representation of the
canine atrial AP, ensuring that rate dependence and ACh-
related changes in rate-dependent properties were realistic
(Figure 2). Coupling properties were selected to ensure that
important 2-dimensional properties including ERP, CV, CV
anisotropy, and wavelength were physiological at all [ACh]
used (Figure 3). These features enabled the model to repro-
duce experimental observations of AF, permitting meaningful
analyses of potential underlying mechanisms.

Under control conditions, significant rate adaptation
caused unstable reentry and meander that was sufficient to
manifest as AF (Figures 4C and 4D), although spontaneous
activity was generally self-terminating. Uniform ACh abol-
ished rate adaptation (Figure 2D) and markedly reduced the
wavelength (Figure 3D), thereby organizing reentry into a
highly stable stationary circuit and flutter-like thythm (Figure
5D). These results are consistent with the findings of Nygren
et al,* who recently explored the role of rate adaptation in
spiral-wave stability using models of the human atrial AP by
Nygren et al*’ and Courtemanche et al.*¢ The Courtemanche
AP displayed substantial rate adaptation although the Nygren
AP did not; consequently, the Nygren model supported very
stable and periodic reentrant activity, whereas the Courte-
manche model displayed less stable, aperiodic behavior with
high-frequency oscillations as occur during AF.* Like the
Courtemanche model, canine APs display substantial rate
adaptation (Figure 2), yet are considerably shorter than
human APs. Consequently, reentry properties in the present
model are between the Nygren and Courtemanche models,
and this intermediate level of stability contributed impor-
tantly to the dynamics of sustained AF (Figures 10 through
12).

VYagal discharge has long been known to promote AF by
decreasing atrial ERP and increasing the spatial heterogeneity
of refractoriness.*%4! Heterogeneous {ACh] distribution in the
model created repolarization gradients that forced the
breakup of reentry, promoting global disorganization and AF.
Liu et al*2 measured canine atrial ERP at 7 locations during
vagal stimulation in vivo (2 cm between adjacent sites}. Mean

ERP was reduced from 110 to 83 ms and the SD between sites
was increased from 9 to =17 ms. Our model results are
consistent with these data, and predict the conditions that best
promote cholinergic AF: sufficient [ACh] (Figure 7), appro-
priate [ACh] and APD gradients {Figure 6), and a need for
larger {ACh] and APD spatial gradients with increasing mean
[ACh] (Figure 8). The arrhythmogenicity of these conditions
is potentiated by an ACh-induced increase in the rate of spiral
rotation, causing activity to impinge on zomes of greater
refractoriness.

Comparison With Experimental Studies of
Vagal AF
Sustained AF in the model was due to primary sources from
which emanating activity formed spatiotemporally periodic
patterns of wavelet propagation (Figures 10 through 12).
Spectral analysis quantitatively reflected this organization,
demonstrating that source frequencies may also be dominant
at distal sites (Figures 10 and 11) or aliered by spectral
transformation along the heterogeneous myocardium (Figure
12). Both results are consistent with experimental studies of
the spatial distributions of DFs during AF, demonstrating
how activity at various sites may be related, despite seem-
ingly random activity throughout. Berenfeld et al‘? demon-
strated that AF arising from these mechanisms may be
characterized by multiple domains with distinct DFs on the
atrial epicardium, thereby revealing 2 hidden organization,
independent of the activation sequences or nature of the
electrograms. Some studies emphasize the spatial variability
of spectral properties,*4 whereas others demonstrate that
DFs may form large uniform domains*’ or be spectrally
transformed,® depending on conditions between sites of
comparison. As in these experimental studies, we noted a
prominent underlying organization in AF, with the ability of
vagal tone to promote sustained AT related both to stabiliza-
tion of a primary spiral wave (which causes arrhythmia
maintenance) and disorganization of propagation by repolar-
ization gradients (which causes fibrillatory dynamics).
Schuessler et al®? first demonstrated that ACh exerts an
organizing influence on fibrillatory dynamics, and that AF
maintenance depends on the strength of this effect. In an in
vitro study of cholinergic AF, the number of circuils and
wavelets increased with increasing [ACh], but activity was
only sustained at high concentrations when a single, relatively
stable circuit emerged and dominated activity. The wavelet
count was greziest afler stabilization. Skanes et ai® Awiher
established organization during chaolizergic AF, demonsirat-
ing that complex AT electrograms arose from 2 small number
of dominant frequencies. Both Skanes et al* and Mandapati et
al® located stable high-speed reentry circuits acting as high-
frequency sources, and demonstrated spatiotemporal period-
icity in the emanating wavefronts and wavelets. Flutier-like
electrograms with the highest dominant frequencies were
most commonly located in the left atria, with AF-like signals
appearing distally and in the right atrium. Building on these
results, Mansour et al’® demonstrated that left atrial sources
produce a lefi-to-right atrial frequency gradient, as wave-
fronts sometimes encounter local activity and not all conduc-
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tion pathways {Bachmann’s bundle, inferoposterior pathway)
are able to capture in a 1:1 manner.

Indications from our model that multiple wavelets are a
consequence of AF-generating mechanisms. rather than a
cause of AF, agree with the wavelet analysis of Chen et al
during cholinergic AF (Figure 9A).% In the latter study, the
mean PS {n=554) lifespan was 19.5218.3 ms with a range
that varied from 8.33 (1 frame) to 200 ms. The number of
waves that entered the mapping field (15.7%1.6) significantly
exceeded the number that exited (9.7x1.5). If wavebreak and
the resulting wavelets were maintaining AF, the number of
wavelets exiting the field of view would have been expected
o exceed the number entering. The distribution of surviving
PSs was found to be nonrandom, as would occur for activity
originating from primary sousces.

In the 7 simulations of sustained AF, ongoing breakup of
primary circuits formed wavelets that would collectively
form unstable circuits (as in Figures 10 through 12}, with on
average =3 wavelets at any time. In canine cholinergic AF,
Allessie et al*! found an average of 3 wavelets (range from 0
to 5) present per atrium. Schuessler et al’? observed 0 to 15,
with 5.1%1.8 present during sustained AF. Liu et al®
reporied 3.3+0.3 wavelets at a time. Similarly, Kumagai et
al®2 found an interdependence between unstable and short-
lived reentrant circuits and resulting multiple daughter wave-
lets during experimental AF. Breakup of unstable circuits
formed wavelets that were continuously re-forming unstable
circuits. In keeping with the present work, the mechanism of
fibrillation in these studies may be a ceaselessly correcting
balance between organization and disorganization of complex
dynamics. Although a perfect balance is never obtained,
neither does a flutter-like rhythm or totally random activity
ever gain lasting control. Organizing influences exerted by
basal levels of ACh appear to be in constant competition with
the disorganizing pressure of ACh-related heterogeneity, such
that AF represents an ongoing process of breakup and
self-organization. It may be the tendency of wavelets to
coalesce, rather than to multiply, that is necessary for AF
maintenance.

Qur results support the notion that single reentrant sources
(analogous to Lewis® “mother wave” concept'!) may main-
tain AF, but also demonstrate that under certain conditions,
AF may arise from more than one coexisting spiral wave,
analogous to multiple-circuit reentry.5>-% Moe’s classic com-
puter model of AF and multiple-wavelet hypothesis were
contributions of fundamental importance, but were limited by
the analytical and experimental methodologies available.
Modem computing techniques and a wealth of experimental
data allowed us to develop a more realistic computer model,
which indicates that (1) AF may be maintained by primary
sources that in many cases are single rotors, (2) global
dynamics during AF are nonrandom, and (3) most wavelets
are a consequence of AF-generating mechanisms, not a cause
of AF.

Clinical AF is most commonly observed in the contexts of
chronic AF and pathologies like congestive heart failure
(CHF). Like cholinergic AF, tachycardia-induced remodeling
in chronic AF decreases ERP and increases ERP heterogene-
ity.55 Although the ionic mechanisms of action potential

Mathematical Model of Cholinergic AF i3

changes in tachycardia-remodeled atria are different from
those in cholinergic AF, comparable changes in action
potential properties (decreased APD and APD rate adapta-
tion, increased APD heterogeneity) suggest that basic mech-
anisms of AF maintenance may be similar. In contrast, CHF
primarily alters the atrial substrate by promoting interstitial
fibrosis; associated ionic remodeling, although substantial,
minimally effects atrial ERP.2057 CHF -refated AF appears to
arise, at least in some instances, from a single macroreentrant
source. 8 Further work is needed to evaluate quantitatively the
potential mechanisms of AF based on substrates other than
increased cholinergic tone.

Novel Findings and Potential Significance

The present model of AF in a 2-dimensional system with
realistic atrial ionic and propagation properties agrees well
with experimental observations and has important potential
implications regarding AF mechanisms. To our knowledge, it
is the first such model described. The model presents a tool
that may be useful in the quantitative analysis of hypotheses
regarding mechanisms of AF in defined pathological sub-
strates. Weaker left-ventricular inward-rectifier (J,) rectifi-
cation appears to stabilize single lefi-ventricular rotors un-
derlying VF, whereas strong /, rectification in the right
ventricie leads to rotor instability, termination, and wave-
breaks.>? Our model may similarly be useful in the evaluation
of the role of specific ionic currents, providing insights into
potential antiarrhythmic drug mechanisms and helping in the
development of new antiarthythmic agents. Preliminary data
suggest that the model provides novel and potentially impor-
tant insights into the mechanisms of Na” channel-blocking
drug-induced AF termination.®®

Potential Limitations

Our model representation of canine atrial tissue contains
numerous simplifications. No area in the atria comprises a
2-dimensional 5X 10 cm’ sheet. Rather, the normal atria have
substantial areas of conduction discontinuity, in particular in
the septum® and the venae cavae. Although many experi-
mental studies of AF have been performed in isolated,
unfolded atrial preparations,26? and are therefore more com-
parable with the present model, even these possess atrial
microstructure that may contribute importantly to the stability
of AF, as reentry may occur within or be anchored by
pectinate muscle bundles projecting from the plane of the
tissue.53 In addition, the no-flux model boundary conditions
in the model may protect vortices Som terminating, thereby
influencing the balance between source-type spirals and
resulting wavelets.’® Finally, it is possible that the mecha-
nisms of AF may be different in tissues of larger dimension.
which might more readily permit the coexistence of more
than one primary spiral-wave generator. We have begun 10
examine this issue and have found that even in a 4-fold larger
2-dimensional sheet (10X20 cm), AF can be maintained by a
single primary spiral wave, but that under different conditions
activity resembles muitiple-wavelet reentry with no long-
lived spiral-wave sources. We selected the dimensions of the
computational substrate for the present study to reproduce
overall conduction times and tissue dimensions in nermal dog
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atria. A detailed evaluation of AF mechanisms in a much
larger atrial substrate, as might for example occur with severe
CHF, is potentially very interesting but goes beyond the
scope of the present study.
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CHAPTERS5 MECHANISMS OF AF TERMINATION BY PURE
SODIUM BLOCKADE IN AN IONICALLY-REALISTIC

MATHEMATICAL MODEL.

114



As discussion in Section 1.6.3, the sodium channel blockers (class I drugs) constitute the
most successful class of antiarrhythmic drugs in AF termination, but the mechanisms of

action are poorly understood. Using the realistic model of AF developed in the previous

study, the present study investigated the effects of sodium channel inhibition on AF

dynamics, providing clear insights into potential mechanisms of AF termination by pure

Na‘-channel blockade.
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Abstract- The mechanisms by which Na’-channel blocking antiarrhythmic drugs
terminate atrial fibrillation (AF) remain unclear. Classical “leading-circle” theory
suggests that Na'-channel blockade should, if anything, promote reentry, and
interpretation of experimental results is complicated by K'-channel blocking actions of
available class I drugs. We used an ionically-based mathematical model of vagotonic AF
to evaluate the effects of applying pure In,-inhibition during sustained arrhythmia. Under
control, AF was maintained by 1 or 2 dominant spiral-waves with fibrillatory propagation
at critical levels of APD dispersion. In,-inhibition terminated AF in 5.6% of simulations
at 30%-block, 22.2% at 50%-block, 33.3% at 60%-block, and 100% at 65%-block.
During 1:1 conduction, Ins-inhibition reduced action potential duration (by 13% at 4 Hz
and 60% block), conduction velocity (by 37%), and reentry wavelength (by 24%). During
AF, Ina-inhibition increased the size of primary reentry spirals and reduced reentry rate
(eg, dominant frequency decreased by 33% at 60% In,-inhibition), while decreasing
generation of secondary-wavelets by wavebreak. Three mechanisms contributed to Iy,-
block induced AF termination: 1) enlargement of primary spiral-wave generators so that
they could no longer be accommodated on the computational substrate, 2) decreased
effectiveness of primary spiral-wave tip anchoring, producing increased meander and
extinction at boundaries, and 3) reduction in the number of secondary wavelets that could
provide a new primary spiral-wave generator. We conclude that pure L,-inhibition
terminates AF in this model, producing activation changes consistent with clinical and
experimental observations. These results provide insights into previously-enigmatic
mechanisms of class I antiarthythmic drug-induced AF termination.

Key Words: atrial fibrillation # mathematical model # class I drugs # sodium channels
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Introduction

Class I antiarthythmic drugs terminate clinical atrial fibrillation (AF), but the
electrophysiological mechanisms remain poorly understood (1). AF is generally
considered to be a reentrant arrhythmia, and the stability of AF is classically related to the
wavelength (164). The wavelength (product of refractory périod and conduction velocity)
is thought to represent the minimum pathlength for reentry and therefore to determine the
size of functional reentry circuits (59). The most commonly-accepted mechanism for
antiarrhythmic drug termination of AF is drug-induced wavelength increases that reduce
the number of circuits that the atria may accommodate.

Experimental evidence has been presented suggesting that class [ antiarrhythmic
agents act on AF by changing the effective refractory period (ERP) and the wavelength
(140; 164; 176). Recent data have challenged established notions of antiarrhythmic drug
action by showing that potent Na'-channel blockers can terminate AF without increasing
the wavelength (171). Indeed, in some instances decreases in wavelength preceded
termination, and the most characteristic electrophysiological change prior to AF
termination was an increase in the temporal excitable gap (171).

It is difficult to determine experimentally whether pure Na'-channel blockade can
terminate AF, since Na'-channel blockers used to terminate AF, including class IA agents
like quinidine and class IC agents like flecainide and propafenone, also have important
actions on K'-channels (249-251). We recently developed a realistic mathematical mode!
| of cholinergic AF ina 2—,dimens/i’;>nal sheet of canine atrial tissue with physiological
ionic, coupling, and propagation properties (134). Pure Na'-channel blockade can be

mimicked in the model by reducing maximum Iy, co;lductance. This allows for a
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theoretical exploration of the effects on AF of In,-inhibition in the absence of collateral
effects on other ion channels. In the present study, we applied this approach to determine
whether Na'-channel blockade alone is sufficient to terminate AF in the model, and if so,
to: 1) evaluate the relationship between the intensity of Ina-inhibition and the likelihood
of AF termination, 2) investigate the mechanism(s) of AF termination by Inp-inhibition,
and 3) relate any effects to associated changes in wavelength and other

electrophysiological parameters.

Methods

Model Deseription and Implementation

The Ramirez-Nattel-Courtemanche (RNC) model of the canine atrial action
potential (AP) was implemented (42). Total ionic current (Tion) is given by
Tion=Ina+Is1+ o+ Ixura+Ixr+Ixs + Ica+Iorca+Ixuom+Ipcat+Ivaca+ Inak + Iova+ Iocat Inct 1
An expression for the ACh-activated potassium current {Ixacny) is included to simulate
vagal effects (134). For AF simulation, a 5x10 cm rectangle of atrial tissue was modeled
as before (134). Myocytes were placed in 300 single cell-width cables representing
muscle fibers, with each divided into 600 cell-segments, such that the computational grid
was comprised of 300x600 cells. Fiber resistivity and inter-fiber resistance values were

chosen to match experimental propagation characteristics. Other details of the model can

be found in reference (134).
Calculations were performed with a time-step of 25 microseconds and up to 25

processors of a 64-processor Enterprise 10000 (Sun). In this way, simulations of 5
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seconds of activity, requiring the solution 0f 4.14-106 coupled equations over 2-105 time

steps, were accomplished in 12-18 hours.

Two-Dimensional Simulation Protocols

Ina-block was modeled by scaling Iy, conductance (gna). A maximum Iy,
reduction of 65% was used to compare with 60-70% sodium channel inhibition
(estimated from drug-induced conduction slowing) terminating experimental AF (82;
171; 176).

Model ERP was measured by simulating experimental protocols (140; 176). All
stimuli (180 pA/cm2, 1-ms duration) were applied via a 0.2x0.4-cm electrode, such that
the stimulus strength was 1.5-2 times threshold at 65% block. Proximal segments were
stimulated from rest at 200 and 400 ms cycle lengths (CLs) and a single premature
stimulus (8,) was delivered after every 15 basic (S1) stimuli. ERP was defined as the
longest S;-S, failing to initiate a propagated response. Conduction velocity (CV) was
calculated during S; pulse trains in the longitudinal direction. The wavelength (ERPxCV)
was computed as previously defined (59; 164). APs were recorded from distal segments
during S, pulse trains to study changes in waveform morphology and AP duration to -60
mV (APD.g), the approximate voltage at which excitability is normally restored (217).
Maximum phase-0 upstroke velocity (Vma) was computed at 10-ms resolution with
Matlab v5.3.

Conditions for sustained AF were based on in vivo levels of vagally mediated ERP
’shortening and spatial heterogeneity (131; 137) achieved by varying ACh concentration

(0-0.01 5 umoV/L) across the grid according to a sinusoidal distribution (134). Reentry



was initiated using a cross-shock protocol (134). The core area of primary-generator |
spirals was calculated by dividing rotor-tip points into cycles (n>10) and constructing

polygons traced by the tip for each cycle (134).

Potential Maps

Propagating wavefronts over the computational substrate were visualized by
constructing potential maps (134). After each ms, transmembrane potential at the center
of each 6 by 6 cell-square (the approximate size of a space constant) on the
computational grid was sub-sampled to a 50x100 pixel display grid, providing color
maps of transmembrane potential (252). Corresponding movie supplements are provided

in the online data supplement at http://www.circresaha.org.

Signal Analysis

Unipolar electrograms were computed as previously (134). Spectral analysis of
model electrograms was performed with fast Fourier transformations (FFTs). Spectral
signals were normalized to the largest peak to facilitate inter-site comparison. Activity
sampled at 1000 Hz (1 ms) for 5000 frames (~5 seconds) provided spectral resolution of

0.2 Hz.

Terminology
AF: defined by rapid and irregular electrograms with varying morphologies.
Potential maps were required to demonstrate propagation along lines of block and

ongoing wavefront breakup changing on a cycle-to-cycle basis (87).
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Wavebreak: a discontinuity permitting contact between a wavefront and its own
repolarization tail (87).

Phase Singularity (PS): a point around which all phases of the waveform are
encountered, generally where the depolarizing front and repolarizing tail of a wavefront
meet (87). PSs arise from wavebreaks, are located at the instantaneous center of
rotational activity, and were detected by a computer algorithm with manual verification
(252).

Rotor: a spiral-wave of excitation rotating around a PS for 1 or more cycles (87).

Chirality: the sense of rotation, clockwise or counterclockwise, around a PS (87).

Core: area circumscribed by the core-tip trajectory of a PS, consisting of excitable
but unexcited tissue, around which a rotor rotates (252).

Wavelet: segments of excitation wavefronts flanked by 2 PSsoraPS and a
boundary (87).

All data are presented as meantSD.

Results
AF Termination Rates and Intensity of In,-Inhibition
We first defined 5 different [ACh]-distribution conditions that resulted in sustained AF.
Varying degrees of Inz-inhibition were then applied after ~500, 750 or 1000 ms of

simulated sustained AF for each of the 6 conditions (90 simulations). Ins-inhibition

_ effects were related to intensity of Na'-channel blockade. Moderate Iy -inhibition (as

little as 30%) could terminate AF, but 100% efficacy required 65%-block (Figure 1).



Effects of In,-inhibition on Distributed Properties

ERP increased slightly but progressively as In,-inhibition increased. ERPago (ERP at 200
ms CL) increased from 146-187 ms at 65%-inhibition (Figure 2A), with values
converging towards ERPagq at 65% block. I,-inhibition prolonged the reentry period
(Figure 2B), closely paralleling ERP changes. Means and standard deviations of reentry
period increased 29% and 190%, respectively, at the strongest Iny-inhibition, in
agreement with 29% and 200% increases caused by moricizine in canine atria (173), and
indicating greater increases in reentry period variability than in period per se. The core
area increased from 2.78+0.42 cm2 to 3.77+£1.92 em?2 (P<0.01). CV (Figure 2C)
progressively decreased with Ing-inhibition, from 105-66 cm/s (37% reduction) at 65%-

inhibition. The wavelength (Figure 2D) decreased progressively, from 17.3-13.0 cm.

Effects of Sodium Channel Block on AP Properties

Both APD and AP amplitude progressively decreased with Ins-inhibition (Figure 3A).
APD ¢, decreases became particularly important at >40% inhibition (Figure 3B). APD
abbreviation with increased ERP (Figure 2A) reflects post-repolarization refractoriness,
typical of class I drugs (80; 175). As observed experimentally (80; 181), strong Ins-
inhibition (>50%) resulted in 2:1 capture in the model at rapid rates (Figure 3B). This
result is consistent with the development of transient lines of block during intra-cardiac
reentry (122; 173; 175; 181; 182), which may decrease the rate while increasing the
variability of reentry by forcing circuits into larger trajectories for certain cycles, thereby
promoting meander of spiral-core tips. APD rate-adaptation was not substantially altered

by Insinhibition (Figure 3C), indicating that this contribution to CL oscillations would be

123



maintained during reentry and AF (134; 253). Changes in V. were qualitatively similar

at 1 and 5 Hz, with a maximum decrease of ~70% (Figure 3D).

Mechanisms of AF Terminaticn

To determine how Iy, inhibition terminated AF, we examined activity under
identical conditions, first during sustained AF in the absence of In, inhibition, and then
prior to and during In,-inhibition-induced AF termination. Figure 4A shows [ACh]-
distribution, an APD-distribution map and representative membrane-potential maps
during one sustained AF. Animation of activity is available as online-only Movie 1. At
100 ms, the propagating impulse from the last S, approached the inferior border. An S,
delivered at the upper-left initated a horizontally-propagating wavefront in the excitable
upper region of the substrate, which propagated around the refractory lower part of the
gﬁd, creating a PS at the asterisk and a reentering wavefront at 165 ms. This PS remained
at the core-tip of a generator spiral-wave that maintained activity for ~2.4 seconds.
Emanating impulses impinged on refractory tissue, fractionating into wavelets with
variable chirality, with numerous counter-rotations between adjacent transient circuits.
Short-lived spirals resulting from the 48/74 (65%) of attempted counter-rotations that
were successfully-completed (~1 attempted per 68-ms interval) competed with the
primary spiral-generator. Selected frames show examples of attempted counter-rotations
(“Y’=success [475, 525, 2312, 3706 ms], “X"=failure [3145 ms]). The spatial gradient of
~ APD.so was 58 ms (rangé: 27-8'§’!vms).
At ~2.5 seconds, the initial primary spiral died out along the bottom right border

(Figure 4C). A second generator of opposite chirality originating from wavebreak at



~2.3 seconds then assumed dominance and sustained fibrillation for the duration of the
simulation. An average of 2.7+1.4 wavelets were present, with up to 7 at times of peak
disorganization (Figure 4D). Electrograms recorded near (+, Figure 4B) and distal to (o,
Figure 4C) the primary sources are clearly fibrillatory, with DFs of 11.3 and 10.7 Hz
respectively.

Figure 5A shows termination of the AF shown in Figure 4 by Ins-inhibition
(animation at online-only Movie 2). Conditions identical to those in Figure 4 were used,
but 65% In,-inhibition was applied after ~900 ms. A single wavelet persisted following
block (at 920 ms). Wavefront curvature was greatly expanded and the wavelet
corresponding to the uppermost PS (smaller asterisk) promptly extinguished along the top
boundary (1010 ms). The PS at the core-tip of the original primary-circuit (larger
asterisk) followed a more linear trajectory than prior to Ing-inhibition, rotating around a
markedly enlarged core. Reentry failed along the top border (1336 ms) after nearly one
complete cycle, terminating AF. In this case, In,-inhibition enlarged the primary spiral to
the extent that it could no longer be accommodated by the tissue substrate, leading to
rapid termination. The spatial APD gradient was reduced to 50 ms (range: 20-70 ms),
representing a 15 ms reduction in the maximum value relative to control (Figure 4), and 8
ms decrease overall. No further wavebreak occurred as the enlarged circuit conducted
slowly in the presence of decreased APD heterogeneity.

Figure 5B shows termination under the same AF conditions by a lesser degree
(30%) of Iys-inhibition (animation in online-only Movie 3). Circuits were enlarged and
wavelets tended to coalesce, such that the number of successfully-completed counter-

rotations was reduced to 12/35 (34%, versus 65% in control) prior to termination (~1
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attempted per 103-ms interval), as fewer PSs were separated by the critical inter-PS
distance needed for ongoing reentry (87). Enlarged daughter-wavelets interfered with the
primary generator and the dominant PS died out along the bottom boundary at ~3.22
seconds. Other PSs present at this time blocked (3255 ms). Subsequent wavebreak
produced a final spiral which failed to establish sustained generator function, completing
1 rotation prior to annihilation along the left boundary (3415 ms), terminating AF (3510
ms). The DF during AF decreased from 11.3 Hz (Figure 4B) to 10.7 Hz (Figure 5C)
during 30% Iy.-inhibition. In this example, the spatial APD gradient (57 ms, range: 27-84
ms) was negligibly changed relative to control (Figure 4A); thus, wavelet alterations
resulting in AF termination did not require reductions in APD heterogeneity.

Figure 6A shows an example of AF maintained by a single spiral wave in the
absence of Iny-inhibition (animation available in on-line Movie 4). A rotor with
clockwise chirality located near (+) acted as the primary source of activity. The trajectory
of the dominant PS is plotted in black on the APD distribution-map. A region of
increased APD in a low-[ACh] zone served as a functional anchor for the generator
spiral-wave tip. Wavelets tended to multiply from the primary spiral and would at times
coalesce to form a large unstable circuit, reducing the wavelet count to 1. Several PSs
with opposite chirality completed multiple reentry cycles near the right border. On
average, 3.6+1.2 wavelets were present, with 7 at peak disorganization {Figure 6B).
Electrogram activity was fibrillatory, but the underlying order imposed by the primary
spiral-wave generator was evidenced by a discrete, narrowly-peaked FFT (Figure 6B).

Figure 6C shows termination of this AF by 60% Iy.-inhibition applied after ~750

ms of activity (animation: online-only Movie 5). Ing-inhibition caused rapid termination



of the generator spiral-wave. A secondary wavelet generated counter-rotating spiral-
waves (760, 1195, 1224 ms) that evolved through 4 cycles before one spiral (PS indicated
by smaller asterisk) terminated against the lower boundary. The core-tip (PS indicated by
larger asterisk) of the remaining spiral then sustained generator-function until
termination. The trajectory of the initial spiral-wave generator is plotted on the APD
distribution map (black—before Iy,-inhibition; black and white-after block). The tip-
trajectory of the generator after block is shown in yellow. Iy,-inhibition greatly slowed
reentry (Panel D, DF decreased from 11.2-7.1 Hz) and reduced the spatial APD gradient
(Panel C, from 40 to 33 ms in this example). These reduced the anchoring effect of low-
[ACh] zones and wavebreak against refractory tissue. Reduced anchoring, along with
regions of transient conduction block, caused hyper-meandering of the primary-generator
tip PS, continuing until the primary PS reached the lower boundary and extinguished
after 20 cycles. Because of reduced wavebreak, other PSs were unable to assume
generator function. Despite the increased meander of the generator spiral, the electrogram
was more organized following Iy, inhibition (panel D), indicating that wavebreak
contributed significantly to the disorganized electrograms in control (Figure 6B). The
area of core-tip meander, 2.0 em? under control conditions, increased to 7.7 cm? with

60% In,-inhibition.

Organization of AF by In,-Inhibition
Figures 5 and 6C demonstrate how In,-inhibition may increase primary-circuit size,
promote primary-circuit meander, and reduce wavefront density, thereby slowing and

organizing AF prior to conversion. These changes occurred in all cases of AF termination
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and agree with experimental observations of class I drugs (176; 180). Figure 7 illustrates
the progression of changes caused by Iy,-inhibition in another case. Activity is shown
under control conditions (Figure 7A), with 30% (Figure 7B) and 60% (Figure 7C) Ina-
inhibition applied at the times indicated.

Under control conditions, electrograms were ﬁbrillatdry with a DF of 10.3 Hz, and
3.5+1.5 (range, 1-7) wavelets. The trajectory of the dominant PS is shown in black. With
30% Ing-inhibition, the fibrillation rate slowed to 9.4 Hz. The trajectories of the dominant
spiral tip before (black) and after (yellow) blockade are shown, with the introduction of
block marked by an orange dot. With 60% block, activity became flutter-like, with
discrete spectral peaks including higher harmonics (arrows) of the dominant frequency.
Block caused the generator to meander along an erratic course, before stabilizing in a
region of low APD. The trajectories of the dominant spiral tip (large asterisk on potential
map) before (black) and after (yellow) block are shown. In this example, 2 counter-
rotating PSs (small asterisks on potential map) present at the time of block persisted for
the duration of the simulation (green trajectories), stabilizing activity into a system of
large, highly uniform counter-rotating circuits. The electrogram frequency was 6.4 Hz

and the wavelet count was reduced to 2.3£1.4 (range, 1-5).

PS Lifespan Analyses

To obtain a quantitative index of the effect of In,-inhibition on activity during AF, we
analyzed the lifespan of all PSs with the use of an automated algorithm (252).
Simulations (5-seconds) were performed for each of 5 [ACh]-distributions associated

with sustained AF and then repeated with 30% and 60% Ina-block applied after 500 ms of
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abtivity. PS-lifespans were measured between 500 and 4500 ms, and PS-lifespan
histograms were constructed for all simulations under control (A), 30% Ing-inhibition (B)
and 60% Ina-inhibition (C) conditions. Consistent with experiments (87), the mean
lifespan of PSs lasting <1 second under control conditions was ~30 ms, with 90% lasting
<50 ms. PSs lasting >1 second belonged to the tips of primary-generator spirals. After
30% Ing-inhibition, the number of PSs was reduced by 37%. The number of short-lasting
PSs was reduced- for example, 310 lasted <10 ms, compared to 420 under control
conditions; however, PSs lasting <50 ms remained over 90% of the total. After 60%
Ina-inhibition, the total number of PSs was drastically reduced, to 3.6% of control. The

mean lifespan was increased to 70 ms, with 70% lasting <50 ms.

Discussion

We applied a mathematical model of AF to evaluate the effects of pure In,-inhibition. We
found that Iy,-inhibition terminated AF in a fashion consistent with the ability of In.-
blockers to terminate clinical AF. Mechanisms contributing to termination included: 1)
enlargement of primary spiral-wave generators so that they could no longer be
accommodated by the substrate, 2) decreased effectiveness of spiral-wave tip anchoring
in zones of greater refractoriness, increasing meander and causing extinction at
boundaries, and 3) reduction in the number of daughter-waves (resulting from
wavebreak) that could provide new primary spiral-waves to maintain AF should the

~ initial generator-spiral be extinguished.
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Comparison with Results of Previous Studies of AF Termination by Class I
Antiarrhythmic Drugs

The major effects of Ins-inhibition in the present study were a reduction in the number of
wavelets due to decreased wavebreak, increased size and hyper-meander of the primary
generator-spiral, slowing of reentry and dose-related AF termination (despite decreased
wavelength), with 100% efficacy at 65% Na'-channel blockade. Wijffels et al. showed
that the class I drugs cibenzoline and flecainide terminate sustained AF in an AF-
rem‘odeled substrate, while prolonging the AF cycle length (AFCL) with a concomitant
decrease in the wavelength (170; 171). AFCL was consistently prolonged relative to the
ERP during AF (RP4r), and the only change correlating consistently with AF termination
was an increased temporal excitable gap (AFCL-RPAg) (171). They suggested that the
increased excitable gap might reduce the number of daughter wavelets due to decreased
wavebreak, a phenomenon that was quite apparent in our model. The variability of AFCL
values was increased by ~2-fold (cibenzoline) (171) and 4-fold (flecainide) (170),
indicating a large drug-induced increase in reentry-rate variability prior to cardioversion.
The model suggests that these large increases in variability may be due to hyper-meander
of the spiral-wave generator that leads to termination by extinction at boundaries. The
maximum conduction slowing caused by these drugs was 42-44%, corresponding to
inhibition of 64% and 69% of Na'-channels (254), in the same range as In,-inhibition
associated with complete efficacy in the present study. Sinus rhythm was restored in 80%
of goats treated with cibeﬁzolinefi)ut only 40% of goats receiving flecainide, suggesting

differences possibly related to the AF substrate (atrial remodeling in the Wijffels study,
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ACh in the present study). Nonlinear analysis showed slowing and increased organization
of AF by cibenzoline prior to termination (255), similar to our results.

Several studies have examined the effects of class I antiarrthythmic agents in canine
vagotonic AF, an experimental paradigm directly analogous to our model. Lidocaine
terminates AF maintained by bilateral vagal nerve stimulation (256), making atrial
electrograms broader, slower and more regular, as in our model (eg, see Figure 7). FFTs
under control conditions showed broad-banded peaks in the range of 13 and 17 Hz,
changing to a narrow-banded peak at ~7 Hz after lidocaine Flecainide and propafenone
are also highly-effective in canine vagotonic AF (140; 176), organizing activity and
increasing the size of reentrant circuits prior to termination. AF termination was
attributed to increased wavelength in the latter studies, but estimated In,-inhibition was
55% by flecainide (176) and 68% by propafenone (140), within the range of
Ina-inhibition that effectively terminated AF in the present model. Experimental
observations are thus consistent with the results of our model in showing that Na'-
channel blocking drugs terminate AF with high efficacy at concentrations producing
substantial Na'-channel blockade, with organization and slowing of atrial activity prior to
termination.

Clinical observations with class I antiarrhythmic agents are also consistent with our
model simulations. Flecainide and prbpafenone both increase AFCL prior to conversion
(257). Cibenzoline transforms highly-disorganized atrial activity into mouch more
| organized activity prior to termination, in conjunction with a substantial increase in

AFCL (180).
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Theoretical Aspects

Gray et al. were the first to show experimentally substantial spatial and temporal
organization during cardiac fibrillation (258). They suggested that ventricular fibrillation
(VF) is maintained by a limited number of organized rotors that terminate upon collision
with rotors of opposite chirality or by encountering a boundary condition. Chen et al.
provided experimental evidence for the relevance of these considerations to mechanisms
of AF (87). We previously showed that such theoretical considerations apply to AF in a
computer model of vagotonic AF in a 2-dimensional cell-grid closely approximating
canine atrial properties (134). In the present study, we find that the termination of AF by
Ina-inhibition in this computational model follows the principles of spiral-wave reentry
and impulse propagation in excitable media.

Mandapati et al. showed that decreased excitability resulting from Iy, blockade or
ischerﬁia may expand reentry spirals, increasing the coré area and reducing the wavefront
density while slowing fibrillation (123). During conduction in excitable media, the safety
factor, or source-to-sink ratio, determines propagation velocity (122). The excitation-
front curves around functional or anatomical obstacles when the safety factor for
conduction is sufficiently large that activated cells in the wavefront are able to excite
more than one cell at rest (68). As In.-blockade decreases source current, the number of
sink cells that can be activated decreases and wavefront curvature flattens (122; 187,
259). This effect is particularly significant close to spiral-core tips, where wavefront
curvatures become increasingly pronounced. A relatively-large source enables the spiral
to rotate rapidly around a small core (123). When the source is reduced by Iy, block, the

critical curvature becomes large and the path followed by the spiral wave tip increases



(123), increasing core size and slowing reentry. Ina-blockade stabilizes spiral-waves
without terminating reentrant activity in a mathematical model of ventricular tissue,
opposing breakup and destabilizing the spiral wave core, thereby promoting meander and

increasing the size of reentry pathways (238).

Novel Insights into Mechanisms of AF Termination by Na'-Channel Blockers
Experimental studies have pointed to spiral-wave reentry in atrial tissue (66; 69). They
have shown that a variety of antiarrhythmic drugs with Na'-channe! blocking activity can
terminate AF. Initial studies suggested that AF termination was due to increased
wavelength (59; 140; 176; 260). More recent work has, however, shown that class [ drugs
can terminate AF while decreasing wavelength (170; 171). The experimental evidence is
difficult to interpret because of accessory drug actions, including important K’ -channel
blockade (249-251). In a computational model that mimics many properties of
experimental vagotonic AF, we found that pure Iy,-inhibition terminates arrhythmic
activity, with the likelihood of termination increasing with increasing Na'-channel block.
Effective AF termination in the model is seen at levels of Na'-channel block occurring
with doses of class I antiarrhythmic agents that effectively terminate experimental AF.
Changes in atrial activation in the model (including slowing, organization and
regularization of atrial activity) are similar to those observed experimentally and
clinically. While wavelength increases could contribute to the AF-terminating ability of

- some class I agents, the present study indicates that pure Iy, inhibition can terminate AF

without prolonging and in fact despite decreasing, the wavelength.



Our simulations therefore show, for the first time to our knowledge, that pure Na'-
channel inhibition can terminate AF, and that Na'-channel inhibition can account for
many of the effects of class I drugs on AF. Our studies also provide potential insights into
the mechanisms by which Na'-channel blockers may terminate A¥. One mechanism is an
increase in the critical angle of curvature of spiral-wave activity, which may enlarge the
spiral-wave generators beyond the available substrate. This mechanism parallels
suggestions based on observations of the effects of flecainide on activation in a rabbit
model of 2-dimensional ventricular reentry (181). The second potential contributor,
decreased formation of multiple daughter wavelets, has been postulated based on
increases in the temporal excitable gap during experimental AF (171). The final |
mechanism for AF termination, increased meander of the spiral-wave causing termination
by movement to a boundary condition has not, to our knowledge, previously been
suggested. Boundary conditions exist at multiple atrial locations, including the atrio-
ventricular valves, venae cavae, pulmonary veins and interatrial septum, which contains
significant conduction discontinuities (261). Drift of the primary spiral-wave generator to
a boundary, resulting in extinction as described by Gray et al. (258), could explain AF
termination by class I antiarrhythmics at levels of Tng-inhibition below those needed to
enlarge the spiral beyond the capacity of the reentry substrate.

The observations of the present study may help to understand why class |
antiarrhythmics terminate experimental and clinical atrial, but not ventricular, fibrillation.

The effects of Iy,-inhibition on activation during ventricular fibrillation are qualitatively

similar to those on AF, including increased organization with slowing and enlargement of

reentrant rotors (123; 262). However, the ventricular mass is much greater than that of the
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atrium, potentially making it much more difficult to enlarge rotors beyond the spatial
capacity of ventricular tissue. In addition, boundary conditions are much more plentiful in
the atria than the ventricles, making spiral-core drift to a boundary much more likely at
the atrial level. Thus, Na'-channel blockers slow, regularize and stabilize VF, while

tending to terminate AF.

Potential Limitations

Our computational substrate is a 2-dimensional sheet of cells, and does not reproduce the
complexities of 3-dimensional atrial geometry. Although the model reproduces well the
features of vagal AF (134), and accounted for many experimentally-observed effects of
Ina-inhibition in the present work, it would be interesting to analyze atrial arrhythmia
mechanisms and mechanisms of drug action in more complex models incorporating
realistic atrial geometric features (263). Disease states and atrial remodeling may
importantly change the atrial reentrant substrate (141; 161). Consequently, they may
affect the response to antiarrhythmic agents, including Na'-channel blockers, altering
mechanisms of drug action. Further theoretical and experimental work to address this

issue would be of considerable potential interest and importance.

Acknowledgements

The authors thank the Canadian Institutes of Health Research (CIHR), the Natural

- Sciences and Engineering Research Council (NSERC), and the Mathematics of

Information Technology and Complex Systerns Network for funding, the Multimedia

Advanced Computational Infrastructure for Alberta and "Réseau Québécois de Calcul de

135



Haute Performance" for essential computing resources, and Annie Laprade for secretarial
help with the manuscript. James Kneller was supported by a CIHR MD, PhD Studentship

and a Merck Pharmacology Fellowship.

Lapran/publ/Circulation Research/Sodium.al.sn



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure Legends

AF termination in relationship to intensity of Iy, inhibition.

Effects of I, inhibition on ERP (A), reentry period (B), CV (C), and
wavelength (D).

Effects of Iy, inhibition on APs (A), APD ¢, with conduction block (“X)
at fast rates and strong In,-inhibition (B), APD.g rate-adaptation (C), and
Vinax (D).

AF in the absence of Iy,-inhibition. (A) Left: top, [ACh]-distribution;
below, APD-distribution; other panels, selected potential maps show
activity during sustained AF, at times indicated (ms). Asterisks indicate
spiral tip, “y” successful and “x” failed reentry of counter-rotating spirals.
Electrograms were recorded near the source (B) and distally (C).
Corresponding FFTs are at the right. (D) Number of wavelets present at
each time.

(A) Termination of the AF shown in Figure 4 by 65% In,-block. Left,
second from top: APD distribution in the presence of Iy,-inhibition.
Selected potential maps show activity prior to (890 ms) and after (920 ms)
application of In,-block leading to termination. (B) Termination of the AF
shown in Figure 4 by 30% In,-block. Left, second from top: APD
distribution in the presence of Iy,-block. Selected potential maps show
activity prior to (890 ms) and after (1064 ms) block leading to termination.
(C) Electrogram recordings and FFTs for example shown in B. (D)

Wavelet-count versus time during simulation in B.
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Figure 6.

Figure 7.

Figure 8.

(A) AF maintained by a single spiral wave. Left: top, [ACh]-distribution;
second from top, APD.g-distribution, with trajectory of the dominant PS
(black). (C) Termination of AF in (A) by 60% Ina-block. Selected
pvotential maps show activity prior to (482 ms) and after (760 ms) block
leading to termination. The tip trajectories of the initial spifal-wave
generator (black-before Iy, inhibition; black and white-after block) and
subsequent generator after block (yellow) are shown. (B, D) Electrograms
near the generators with corresponding FFTs, and the total wavelet counts
for each condition.

Progression of changes caused by Ina-inhibition in another case of AF.
Activity under control conditions (A), and with 30% (B) and 60% (C) Ina-
inhibition applied at the times indicated. A representative potential-map
during AF, APD distribution map with trajectory of the dominant PSs,
electrogram recordings with corresponding FFTs, and wavelet count are
shown for each condition.

PS-lifespans during AF. Values for 1st 1000 ms (left column) and for PSs
lasting <100 ms (right column) are shown for control (A) and with 30%

(B) and 60% (C) Ina-block.
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CHAPTER 6  DISCUSSION
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6.1 Contributions of Study 1 and Suggested Future Directions

The study entitled “Time-dependent transients in an ionically-based model of the canine
atrial action potential” (Chapter 2) presents important theoretical results regarding
dynamic cardiac AP models and provides potentially important insights into the
mechanisms of pacing-induced functional transients in atrial tissue and the
pathophysiology of chronic AF.

Theoretical contributions include the finding that tissue and model transients are
comparable, and that any distortion arising from model equation instabilities (Section
1.7.1.3) is not likely to be significant. It was shown that dynamic models may reach
absolute stability during sustained pacing, provided they contain complete homeostatic
mechanisms for all ionic species. It was also found that assignment of the stimulus
current, not normally done in model simulations, contributes importantly to long-term
mode! stability. It was found that using K” as the stimulus charge-carrying species is
likely the most appropriate assignment, as this assignment reproduced experimental
observations of [K']; changes, best-preserved the intracellular ionic equilibrium, and
because AP transients were most physiological for the K stimulus current.

In a related study published shortly after that of Chapter 2, Hund et al. addressed
ionic charge conservation and the phenomenon of drift in the Luo-Rudy dynamic
mathematical model of the mammalian ventricular cell during prolonged pacing periods
(264). It was pointed out that failure to assign the stimulus current to an ionic species (K,
as in Chapter 2) momentarily violates conservation with each cycle, and that the

existence of an infinite number of model steady states is only problematic when
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conservation is violated. It was demonstrated that assignment of the stimulus current was
sufficient to satisfy conservation, and therefore to eliminate drift caused by model
stimulation. When conservation was satisfied, the calculation of membrane potential from
ion concentrations (“algebraic” method) yielded identical results to calculation from
transmembrane current (“differential” method, as was used in Chapter 2). The integration
constant (C,, as discussed in Chapter 2) of the conservation principle was calculated from
initial values of dynamic model variables, while in Chapter 2, the significance of C, was
attributed to the presence of ionic species not accounted for by the models. As such
species are also present in ventricle, calculated values of C, would not be entirely
accurate. It was generally assumed that model transients are non-physiologic, and no
experiments were performed to compare model transients with those in ventricular tissue.
Physiological contributions of our work are related to functional ionic processes
paralleling the onset of atrial tachycardia. As discussed in Section 1.5.2, tachycardia-
induced remodeling shortens APD and abolishes AP rate adaptation, thereby enhancing
atrial arrhythmogenicity (141). Underlying these changes, Yue et al. found that the
densities of Ic, and I, were progressively decreased by 69 and 65% respectively, while
no remodeling of I, Ixs, Ikurd Of Icica was found (148). The most extensive remodeling
occurred early, and gradually attenuated toward the end of the pacing period. Studies in
Chapter 2 indicate that initial AP shortening following the onset of pacing is related to
intracellular Na™ accumulation and outward Ly.c, augmentation. In this way, it was shown
that normal functional adaptations, which precede molecular remodeling, contribute to

early AF-promoting effects of atrial tachycardia.
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Functional changes and transients in this study compared a model representing an
isolated cell with a tissue syncytium. Future studies are needed to compare drift in
coupled model cells with transients in a tissue model. Such work would contribute
importantly to our understanding of how ionic redistribution during rapid activation
influences AF. Preliminary cable simulations revealed that transients were augmented in
coupled segments. The finding that reduced net stimulus current augmented the ionic
transients is consistent with the exaggerated transients observed in the uncoupled cellular
model when the stimulus current was not assigned. It was assumed that extracellular ionic
concentrations were constant. Although this is a reasonable assumption for isolated cells,
ion accumulation/depletion phenomena can occur in a multicellular preparation and
contribute to rate-related changes. A more realistic modeling study would also include
extracellular changes. Furthermore, although the model accounts for the concentrations of
the ionic species predominantly responsible for the AP, other ionic species (e.g., HCO;,
SO42, PO,”, and Mg ™) are found within the cardiac myocyte as well as extracellularly.
The presence of these additional ionic species in physiologic systems necessarily implies
discrepancies with model resuits. Finally, AP morphology was the standard for assessing
whether the model faithfully reproduced the changes in intracellular ion concentrations
that occur during rapid pacing. A more robust test of the model would be to compare the
changes in intracellular Na*, K*, and Ca®* produced by the model with those determined

experimentally using ion sensitive microelectrodes and Ca“" indicators.



6.2 Contributions of Study 2 and Suggested Future Directions

The study entitled “Remodeling of Ca”—handling by atrial tachycardia: evidence for a
role in loss of rate-adaptation” (Chapter 3) is the first to evaluate quantitatively the
respective roles of ion channel remodeling and Ca2+-handling abnormalities to the
pathophysiologic features of the tachycardia-remodeled AP (Section 1.5.2). This study
represents the first atrial AP model incorporating Ca®*-handling formulations based on
direct recordings of Ca**-transients. Results from this study point to the importance of
subcellular Ca**-handling in governing the canine atrial AP and in understanding the
electrophysiological basis of tachycardia-induced AP changes. These results are
consistent with experimental AP studies in atrial tachycardia remodeling (148; 265), and
give insights into underlying mechanisms. Because of the clinical importance of
remodeling for AF (266; 267), these insights have potential clinical relevance.

Future directions indicated by these studies are at both the experimental and
modeling levels. More experimental studies are necessary to understand the specific SR
changes responsible for the observed intracellular Ca**-buffering dysfunction. This
knowledge would permit the development of a more realistic SR model (similar to that of
Winslow et al. (208)), enabling simulation studies to make mechanistic predictions with
higher resolution and greater accuracy. Notwithstanding simplifications, our model
predicts that slowing of intra-SR Ca®* transfer processes (from NSR to JSR) was the
major subcellular abnormality reéulting from sustained tachycardia. As discussed in
Chapter 3, the idea of ‘uptake’ and ‘release’ compartments is a hypothetical construct

used to explain the delay between relaxation due to Ca®* sequestration by the SR and



availability of Ca®" for release (268). It was acknowledged that Ca** leak from the SR
may arise from the ryanodine receptor itself, allowing more Ca®* to flow during diastole.
- What was modeled as a change in JSR leakage may correspond to altered release
processes. These may also be thought of as SR release channels recovering from
inactivation (268). More extensive mechanistic and quantitative experimental studies
including single Ca*" channel analysis, are needed to determine the precise intra-SR
changes corresponding to the conceptual predictions of the model. Still, model findings
suggest that the development of new drugs countering such changes may significantly
attenuate the remodeling process in patients suffering from frequent AF paroxysms, or
drugs enhancing transfer may counter the effects of remodeling in those with
longstanding AF. As presently available antiarrhythmic drugs target only sarcommal ion
channels to terminate AF or control rate during AF, such subsarcolemmal agents would
represent a new class of antiarrhythmic drugs (class V drugs). Putative class V agents
may independently reduce AF recurrence and control rate, or act synergistically with

drugs from other classes towards these ends.

6.3 Contributions of Study 3 and Suggested Future Directions

Moe’'s multiple wavelet hypothesis (71) and classical computer model (72) has shaped
clinical and experimental conceptions of AF since the early 1960s (Section 1.4.4). Asa
result of early model predictions, AF is commonly thought to arise from multiple
independent wavelets that propagate and multiply in a totally random fashion, and it is

widely held that the ongoing multiplication of individual wavelets maintains AF. Recent
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experimental work has raised questions about the multiple-wavelet mechanism, suggest a
discrete “driver region” underlying AF (87; 91; 92), where wavelets generated by
emanating wavefronts give rise to fibrillation but retain a significant degree of
spatiotemporal periodicity and play a relatively passive role in maintaining AF. The study
entitled “Cholinergic atrial fibrillation in a computer model of a two-dimensional sheet of
canine atrial cells with realistic ionic properties” presents the first model of AF in a 2-
dimensional system with realistic atrial ionic and propagation properties. The model
agrees well with experimental observations and provides the first theoretical confirmation
of this more recent experimentally-based mechanistic paradigm. This ends nearly 40
years of dominance by the Moe model of AF arguing that the multiple wavelet
mechanism is the fundamental process underlying AF.

Mechanistically, the present model clarified the role of ACh-related acceleration
of reentrant processes in potentiating the ongoing heterogeneity-induced wavebreak of
AF. Reentry was faster in regions of high [ACh] with short ERP, causing wavefronts to
impinge on zones of greater refractoriness in regions with low [ACh] where ERP was
increased. Indeed, wavebreak would likely not occur without this acceleration. For
sustained AF, the model predicts that AF may represent a ceaselessly-correcting balance
between organization and disorganization of complex dynamics. While a perfect balance
is never obtained, neither does a flutter-like rhythm or totally random activity ever gain
lasting control. While recent experiments and the present model do not disprove the

multiple wavelet mechanism, these results strongly indicate that AF should initially be
considered to arise from relatively stable reentrant sources rather than from the wavelets

themselves. Stable sources should be considered first, with the multiple wavelet
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mechanism sometimes appearing at distal sites and possibly dominating activity for
relatively brief periods.

This model representation of canine atrial tissue contains numerous
simplifications. No area in the atria comprises a 2-dimensional 5x10-cm sheet. Rather,
the normal atria have substantial areas of conduction discontinuity, in particular the
septum (57) and the venae cavae. While many experimental studies of AF have been
performed in isolated, unfolded atrial preparations (69; 89) and are therefore more
comparable with the present model, even these possess atrial microstructure that may
contribute importantly to the stability of AF, as reentry may occur within or be anchored
by pectinate muscle bundles projecting from the plane of the tissue (58). In addition, the
no-flux boundary conditions in the model may protect vortices from terminating, thereby
influencing the balance between source-type spirals and resulting wavelets (269). Such
simplifications were not considered limitations, as they facilitated the evaluation of basic
mechanisms of fibrillation, and were a necessary first step before more complex
representations of atrial tissue and AF were possible. While additional studies in this
simplified substrate may be of great significance, the groundwork is thus laid for future
studies to investigate other aspects of AF, such as the roles of tissue size, architecture,
and anatomical obstacles.

In Chapter 3, ACh was distributed using a sinusoidal function, uniform in both the
longitudinal and transverse directions. It would be interesting to adapt oplical mapping
techniques (73; 87; 92) to determine the distribution of vagal effects in vivo, towards
developing a more realistic model substrate. Also in Chapter 3, the PS lifespan analysis

was performed manually. We have since developed an automatic PS detection and



tracking algorithm based on both mathematical convolution and image analysis (252).
The algorithm is presently being used to study mechanisms of AF in tissues of larger
dimension, but with the same ACh levels and spatial distributions as in the Chapter 4.
Preliminary results indicate that increased size facilitates sustained AF, as many
“fibrillatory” ACh distributions (Chapter 4) supported sustained AF when the substrate
was increased 4-fold from 5x10 cm (Chapter 4) to 10x20 cm (270). AF was sustained in
50% of cases on a 5x10-cm substrate, and in 100% of cases at 10x20 ¢m.
Mechanistically, AF was maintained by single primary spiral wave generators in 80% of
cases for sizes <5%10 cm, but by multiple spiral waves in 92% of cases for the 10x20 cm
substrate, thus moving towards a multiple-wavelet mechanism of maintenance (Section
1.4.4) with increased size. This latter result is consistent with the original Moe model of
AF (72), where the substrate exceeded normal physiologic size by ~2-fold. These results
also indicate that atrial size is a determinant of sustained AF and that very large atria can
support highly-stable multiple-circuit AF (270). It is generally held that decreasing ERP
is equivalent to increasing substrate size with the same ERP. While this relation may hold
under certain conditions, physiologic mechanisms of ERP reduction (increased vagal tone
[Section 1.5.1], tachycardia-induced downregulation of Ic, [Section 1.5.2]) often alter AP
properties (e.g., loss of AP rate adaptation), which contribute importantly to the dynamics
of AF. Hence, while periodic stimulation under steady-state conditions may support this
principle, such a relation would be less likely to hold during AF. In addition o size,

| future studies may also evaluate the intrinsic arrhythmogenicity of anatomical obstacles
and combinations of obstacles in a simple 2D substrate. Finally, the mechanisms and

properties of AF reported in Chapter 4 should be compared to AF in an atrial model with
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realistic geometry, as developed by Vigmond et al. (263), but with the same vagotonic
properties as in Chapter 4.

Cliﬁical AF occurs most commonly in the contexts of chronic AF and pathologies
like congestive heart failure (CHF). Although the ionic mechanisms of action potential
changes in tachycardia-remodeled atria are different from those in cholinergic AF (148),
comparable changes in action potential properties (decreased APD and APD rate-
adaptation, increased APD heterogeneity) suggest that basic mechanisms of AF
maintenance may be similar. In contrast, CHF primarily alters the atrial substrate by
promoting interstitial fibrosis: associated ionic remodeling, although substantial,
minimally effects atrial ERP (160; 161). CHF-related AF appears to arise, at least in
some instances, from a single macro-reentrant source (163). Further work is needed to
evaluate quantitatively the potential mechanisms of AF based on substrates other than
increased cholinergic tone, initially in 2D and subsequently with realistic geometry (263).

Towards these ends, a model of tachycardia-remodeled atrial tissue would employ
the cellular model presented in Chapter 3, with Ca*"-related heterogeneity distributed to
reproduce appropriate levels of ERP heterogeneity as determined by Fareh et al (158).
This would permit studies of AF mechanisms in chronic AF, and would aid in
determining the clinical relevance of studies performed in vagotonic animal models.
Also, the contribution of various remodeling processes (sarcolemmal versus
subsarcolemmal changes) to the enhancement of atrial arrthythmogenicity by chronic AF

could be assessed. Subsequently, effects of channel blockade could be evaluated (as was
done in Chapter 5) in a broader clinical context than studies in Chapter 5. This work

could then be extended to a morphologically realistic model of the atria (263) to account
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for the potential role of the complex atrial geometry in AF mechanisms, and in
antiarrhythmic drug action. A model of CHF-related AF would incorporate ion channel
changes and match regional ERP differences (160; 161). The 2D substrate used in
Chapter 4 is especially suited to reproducing the interstitial fibrosis and resulting
conduction discontinuities (161) as transverse resistive elements may be selectively

broken to mimic fiber dissociation (227).
6.4 Contributions of Study 4 and Suggested Future Directions

As discussed in Section 1.6.3, the sodium channel blockers constitute the most successful
class of antiarrhythmic drugs in AF termination, yet their mechanisms of action are
poorly understood. The study entitled “Mechanisms of AF termination by pure sodium
channel blockade in an ionically-realistic mathematical model” (Chapter 5) used the
model of AF developed in Chapter 4 to investigate the mechanisms of AF termination by
pure sodium channel inhibition. It was found that Iy,-inhibition terminated AF in a
fashion consistent with the ability of INa-blockeré to termiﬁate clinical AF. Mechanisms
contributing to termination included: 1) enlargement of the primary spiral-wave generator
so that it could no longer be accommodated by the substrate, 2) a decrease in the
effectiveness of anchoring of the spiral-wave tip in zones of greater refractoriness,
promoting hyper-meander and causing extinction at boundaries, and 3) a reduction in the
number of daughter-wav/es (resﬁiting from wavebreak) that could provide new primary

spiral-waves to maintain AF should the initial generator-spiral be extinguished. These
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results contribute greatly to the findings of previous model studies discussed in Section
1.7.2.2.2.

Mechanisms of AF termination, demonstrated simultaneously and unambiguously
in the model, clarified a variety of related experimental observations which were
previously enigmatic. The model reproduced the phenomenon of post-repolarization
refractoriness, where block-induced reduction in APD abbreviation occurs with increased
ERP, as is typical of class I drugs (80; 175). Strong Ina-inhibition (>50%) also resulted in
2:1 capture in the model at rapid rates, as observed experimentally (80; 181). This result
was consistent with the development of transient lines of block during intra-cardiac
reentry (122; 173; 175; 181; 182), which may decrease the rate while increasing the
variability of reentry by forcing circuits into larger trajectories for certain cycles, thereby
promoting hyper-meander of sustained circuits. A mechanistic explanation for the
findings of Wijffels et al. (170; 171) was thus provided. It was shown that the class I
drugs cibenzoline and flecainide terminate sustained AF in an AF-remodeled substrate,
while prolonging the AF cycle length (AFCL) with a concomitant decrease in the
wavelength (170; 171). AFCL was consistently prolonged relative to the ERP during AF
(RP4r), and the only change correlating consistently with AF termination was an
increased temporal excitable gap (AFCL-RP4p) (171). It was suggested that the increased
excitable gap might reduce the number of daughter wavelets due to decreased wavebreak,
a phenomenon that was quite apparent in our model. The overall increase in AFCL values
was accompanied by a ~2-fold (cibenzoline) (171) and 4-fold (flecainide) (170) increase
in AFCL variability. The model demonstrated how such large increases in variability may

arise from a hyper-meandering of the generator spiral, which was often the cause of AF



termination along tissue boundaries. In agreement with these experiments, model findings
predicted that increased variability in AFCL may also be a strong predictor of AF
termination by class I drugs. Finally, the model demonstrated how such des’tabiiization of
AF-generating mechanisms may manifest as slowing and increased organization of
electrograms (82; 123; 172; 271), as determined by nonlinear analysis (255).

In studies by Wijffels et al. (170; 171), the maximum conduction slowing caused
by these drugs was 42-44%, corresponding to inhibition of 64% and 69% of Na'-
channels (254), in the same range as In,-inhibition associated with complete efficacy in
the present study. Sinus rhythm was restored in 80% of goats treated with cibenzoline,
but only 40% of goats receiving flecainide, suggesting differences possibly related to the
AF substrate (atrial remodeling in the Wijffels study, ACh in the present study). Future
studies in a model of tachycardia-remodeled atrial tissue (as proposed in Section 6.3) may
provide important insights into differences in the efficacy of Ina-blockade in AF
termination between substrate contexts. Alternately, the molecular mechanism of channel
inhibition (decreased conduction versus altered gating kinetics (80)) may account for
differences in efficacy. A cellular model incorporating a very detailed representation of
I, current has been developed (272), and may potentially be adapted for atria to study
very specific mechanisms of channel inhibition.

The model in Chapter 5 demonstrated how the effects of sodium channel
inhibition in AF may be understood in terms of the biophysical principles discussed in

‘Section 1.6.4. In contrast to classical notions of antiarrhythmic therapy, the model also
demonstrated that AF termination mechanisms induced by pure Ine-inhibition do not

require wavelength changes (Section 1.6.1). These simulations showed, for the first time
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to our knowledge, that pure Na'-channel inhibition can terminate AF, and that Na'-
channel inhibition can account for many of the effects of class I drugs in AF. Our studies
also provide potential insights into the mechanisms by which Na'-channel blockers may
terminate AF. One mechanism is an increase in the critical angle of curvature of spiral-
wave activity, which may enlarge the spiral-wave generators beyond the available
substrate. This mechanism parallels suggestions based on observations of the effects of
flecainide on activation in a rabbit model of 2-dimensional ventricular reentry (181). The
second potential contributor, decreased formation of multiple daughter wavelets, has been
postulated based on increases in the temporal excitable gap during experimental AF
(171). The final mechanism for AF termination, increased meander of the spiral-wave
causing termination by movement to a boundary condition has not, to our knowledge,
previously been suggested.

Boundary conditions exist at multiple atrial locations, including the atrio-
ventricular valves, venae cavae, pulmonary veins and interatrial septum, which contains
significant conduction discontinuities (261). Drift of the primary spiral-wave generator to
a boundary, resulting in extinction as described by Gray et al. (258), could explain AF
termination by class I antiarrhythmics at levels of Iy,-inhibition below those needed to
enlarge the spiral beyond the capacity of the reentry substrate. As discussed, observations
in Chapter 5 may, therefore, explain why class I antiarrhythmics terminate experimental
and clinical AF, but not ventricular fibrillation. The effects of In,-inhibition on activation
during ventricular fibrillation are qualitatively similar to those on AF, including increased
organization with slowing and enlargement of reentrant rotors (123; 262). However, the

ventricular mass is much greater than that of the atrium, potentially making it much more
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difficult to enlarge rotors beyond the spatial capacity of ventricular tissue. In addition,
boundary conditions are much more plentiful in the atria than the ventricles, making
spiral-core drift to a boundary much more likely at the atrial level. Thus, Na'-channel
blockers slow, regularize and stabilize VF, while tending to terminate AF.

Given the prominent role of tissue boundaries in AF termination, future studies of
Ina blockade in a morphologically-realistic model of AF are needed. The use of optical
mapping techniques (87; 92) to assess changes in AF dynamics by class I drugs could
also be used to test model predictions. It would be of particular interest to correlate
increased variability of AFCL with the promotion of hyper-meander of AF-generating
circuits, and to document an associated reduction in wavelet production.

Preliminary studies by our group have been performed to evaluate the potential
for K* channel blockade to terminate AF in the vagotonic model of AF presented in
Chapter 4. As described in Section 1.3, numerous K* channels are present, providing
multiple targets with potentially synergistic action (Section 1.6.2). Preliminary studies of
the effects of Ik, and Ixy,, or combined I, Iy block were conducted. This class III action
selectively prolonged APD.4 in regions with long APD (lowest [ACh] regions) from
65+24 ms to 89+27 ms (combined 50% Ik, Ik, block), causing a 41% increase in reentry
wavelength, but had minimal effect on short-APD regions (eg, APD.g from 28+1 ms to
30=! ms) (unpublished data). Consequently, spatial variability in APD was greatly
increased (e.g., maximal APD gradient from ~37 to ~59 ms), the primary spiral-wave
generator was destabilized, activation became more heterogeneous and AF self-
terminated. Ix, block alone was relatively ineffective, consistent with its limited clinical

value in AF termination, but 50% Ik, block and combined Ik, Ixu blockade (50% each)
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terminated over 80% of sustained AFs. These findings are consistent with studies
discussed in Section 1.7.1.2, and indicate that class III actions may terminate AF, but by
quite different mechanisms than the class I action observed in Chapter 5. Additional
studies are needed to evaluate in detail the effects of class III actions in AF, and should

later be extended to AF in other contexts and to models with realistic morphology (263).
6.5 Looking Ahead: The Future of Modeling in AF

In summary, mathematical models of AF allow us to evaluate all aspects of arrhythmias
simulténeously, as both global and cellular activity may be accounted for, and
simulations of the same AF may be rerun with various interventions applied at precise
times and at precise levels. When models adequately reproduce a variety of experimental
observations, the potential exists to fully characterize supporting mechanisms and
intervening phenomena. Increased inter-disciplinary collaboration is needed to ensure
that experiments are conducted with modeling approaches in mind, and modeling in a
way that facilitates experimental confirmation. Together, the potential exists to rapidly
advance both basic and clinical research.

Mathematical models of cardiac electrophysiology are rapidly converging on the
establishment of ionically and morphologically realistic models of AF. The usefulness of
these models is greatly potentiated by seemingly endless gains in computing power.

Experimental techniques are also propelled forward by rapidly progressing technology,
such that advances in theoretical and experimental initiatives may well continue, with

increasing inter-disciplinary collaboration, along a hyperbolic course for many years to



come. Future developments in this area almost defy imagination. Not only will the need
for animal experimentation be greatly reduced — I expect that computers will one day
assimilate patient data, constructing in real time patient-specific models that are ionically,
anatomically, and pathologically correct. This will enable physicians to rapidly and
accurately design and test patient-specific therapies prior to treatment, thus optimizing

clinical practice and greatly improving patient quality of life.
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