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Abstract

Cardiac fibrillation is one of the most important causes of morbidity and mortality in the developed
world, but its mechanisms are still a matter of debate. Not only is the role of certain ion channels
currently being unraveled, but also investigators are starting to gather evidence for the dynamics and
molecular mechanisms of both atrial (AF) and ventricular (VF) fibrillation in humans. In this brief
review, we evaluate the available evidence for the separate roles played by individual sarcolemmal
ion channels in AF and VVF, assessing the clinical relevance of such findings. Importantly, while
human data support the idea that rotors are a crucial mechanism for fibrillation maintenance in both
the atria and the ventricles, there are clear inherent differences between the two chamber types,
particularly in regards to the role of specific ion channels in fibrillation. But there are also similarities.
This knowledge, together with new information on the changes that take place during disease
evolution and between structurally normal and diseased hearts may enhance our understanding of
fibrillatory processes pointing to new pharmacological or interventionist approaches to improve
disease outcomes.
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Introduction

Fibrillation is defined as turbulent cardiac electrical activity whereby propagation of electrical
waves through the heart is disrupted, with consequent production of wavelets, high frequency
rotating waves, and inability of the myocardium to contract. Atrial fibrillation (AF) is the most
common sustained arrhythmia,1 whereas ventricular fibrillation (VF) and reentrant tachycardia
(VT) are the leading immediate causes of sudden cardiac death.2 Until recently, both AF and
VF were assumed to result from a completely unpredictable process with random propagation
of multiple wavelets.3 However, lately, the classic Lewis idea that fibrillation results from the
activity of a small number of rapidly firing reentrant circuits (rotors; reentrant driving sources;
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see Table 1 for Glossary) that give rise to wavefront fractionation (fibrillatory conduction) has
begun to regain momentum.

Experimentally, optical mapping studies in atria and/or ventricles have shown a high degree
of spatiotemporal organization during fibrillation.3+4 In both atria and ventricles, rotors seem
to be the drivers that maintain fibrillation, at least in some cases. Rotors may form when a wave
breaks upon interacting with structural and/or electrophysiological heterogeneities in its path
(Figure 1).3'4 In fact, it is now certain that wavebreak, leading to wavelet formation and rotor
initiation (see Table 1), is the hallmark of any proposed explanation for AF or VF maintenance.
5 As illustrated in Figure 2, when a rotor is formed, the rapidly succeeding wavefronts
emanating from it propagate throughout the cardiac muscle and interact with anatomical and/
or functional obstacles, causing fragmentation and new wavelet formation; i.e., fibrillatory
conduction.34 Wavelets may undergo decremental conduction or may be annihilated by
collision with another wavelet or a boundary, or may form new sustained rotors, resulting in
a never-ending frequency-dependent fragmentation of wave fronts into what appears to be
multiple independent wavelets. >0 Accordingly, fibrillation is not totally unpredictable, but
may be considered to have both deterministic and stochastic components; i.e., highly organized
and periodic rotors as drivers; and randomly distributed fragmentation of the resulting
wavefronts (fibrillatory conduction) leading to the formation of multiple wavelets. Therefore,
combining the rotor hypothesis with the multiple wavelet hypothesis offers a step closer to the
understanding of the fibrillatory process. In other words, for multiple, randomly propagating
wavelets to exist, there must be a source (e.g., a rotor) generating wavefronts at an exceedingly
rapid rate. The interaction of those wavefronts with obstacles in their path results in the
shedding of the wavelets. Therefore, irrespective of the underlying source, wavebreak and
reentry account for the complex patterns of propagation, wavelet formation, and apparent
aperiodic activity that characterize cardiac fibrillation. The manner in which different
membrane ionic currents contribute to wavebreak, rotor stabilization and wave fragmentation
is now being successfully investigated at various levels of integration, from the molecule to
the human patient.

Here we first provide an update on the underlying ionic mechanisms for reentry and fibrillatory
conduction. We also briefly review the known roles of individual ionic currents in AF and VF.
Then, we discuss differences and similarities between fibrillation in atria and ventricles, and
assess the clinical evidence supporting the existence of rotors in patients. Finally, we consider
the changes in fibrillatory dynamics induced by myocardial remodeling secondary to chronic
fibrillation, ischemia or cardiac diseases.

lonic Bases of Functional Reentry in Normal Myocardium

The role played by individual ionic currents in rotor dynamics in the structural normal
myocardium has been reviewed elsewhere.” Below we discuss the most salient features of the
manner in which each current affects wave propagation dynamics during fibrillation and the
consequences of blocking that current in relation to the final AF/VF outcome. A summary of
the importance of each current in rotor dynamics can be found in Table 2.

Importance of the Ing/lc1 Balance in Controlling Rotor Frequency and Stability

Biological and numerical experiments conducted over the last several years have provided
strong support for the idea that the interplay between the voltage-gated tetrodotoxin (TTX)-
sensitive sodium current (Ing) and the inward rectifier current (l1), which is crucial for the
control of normal cardiac excitability, also controls the stability and frequency of reentry7‘9
in structurally normal atrial and ventricular tissues. As shown by the cartoon in panel A of
Figure 3, during reentry, the wavefront adopts a spiral shape with increasing curvature toward
the center of rotation (core); its conduction velocity (CV) slows gradually toward the center,
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reaching a critical value at the immediate perimeter of the core. As a result, a mismatch is
established between the depolarizing current (mainly lyg) supplied by the wavefront and the
electrotonic current that is controlled mainly ba/ I51 and required to depolarize resting cells
inside the core, which thus remains unexcited.%1 Consequently, a voltage gradient develops
between the unexcited core and the neighboring excited cells, which abbreviates action
potential duration (APD; panel B). Hence, the wavelength (WL) near the core is much shorter
than that far away from the core. This was clearly demonstrated recently in a transgenic mouse
heart in which upregulation of 14 accelerated the final phase of action potential (AP)
repolarization.9

As illustrated by the top panels in Figure 4, in addition to shortening APD, lx1 overexpression
induced a relative hyperpolarization (top panels). During sustained reentry this effect
augmented the voltage gradient established between resting cells in the core and the active
cells in its immediate surroundings. Consequently, there was an increase in the electrotonic
currents that flowed continuously between resting and active cells, which further contributed
to hasten the repolarization of the active cells and also to reduce CV very near the core. As
demonstrated by Noujaim et al,d the increased gradient and electrotonic currents, together with
a relative hyperpolarization during the excitable gap induced by the Ik, overexpression
contributed to a steeper rise in the local CV as a function of the distance from the core. As a
consequence, a faster, more stable rotor with a shorter WL was established in transgenic,
compared to wildtype hearts (Figure 4 bottom panels). The relevance of such mouse heart
studies to human VF has been highlighted by the recent demonstration that the turbulence that
arises during fibrillatory activity is organized into spiral vortices, no matter what species of
mammal is experiencing the VF.11 Moreover across animal species — from mice and guinea
pigs to sheep, humans and horses — the frequency of VVF activity can be scaled using a universal
formula that relates fre%uency to the fourth power of body mass. So too can the size of the core
of the electrical rotors. 11

lonic Basis of Fibrillatory Conduction: Role of Ikg

The molecular mechanisms of wavebreak leading to fibrillatory conduction remain poorly
understood. On the other hand, it has been known for some time that myocyte activation failure
can occur at stimulation frequencies at which Iy, has had enough time to recover after previous
excitation.12 This phenomenon, known as post-repolarization refractoriness, was
demonstrated to be a slow process that could greatly outlast full repolarization.13 Since the
deactivation kinetics of the slow component of the delayed rectifier current, Iks, are an
important determinant of post-repolarization refractoriness,12 it seems reasonable to
hypothesize that the spatially distributed wavebreaks and intermittent block processes that are
frequently observed at the exceedingly high frequencies of cardiac fibrillation are the result,
in part, of the inherent spatial heterogeneities in kg distribution. To our knowledge, the role
of the delayed rectifier currents in rotor dynamics and fibrillation frequency has received very
little attention.

The recent study by Mufioz et al provides intriguing insight into what that role might be.14
They used neonatal cardiomyocyte monolayers to investigate the consequences of the
overexpression of the slow component of the delayed rectifier potassium current, lks, on
excitation, propagation, and the dynamics of reentrant activation.14 They hypothesized that
overexpression of 1 would contribute to wavebreak formation and facilitate fibrillatory
conduction. They performed optical mapping experiments usingmonolayers infected with an
adenovirus carrying the genomic sequences of KvLQT1 and minK (molecular correlates of
Iks) and littermate controls infected with a GFP adenovirus. APD was significantly shorter in
Iks versus controlmonolayers at all rotation frequencies. Moreover, contrary to what happens
with I overexpression (see above), during reentry, CV as a function of distance from the core
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had a significantly Iessi)ronounced increase in the Ixs monolayers, consistent with a less
excitable preparation.~~ As a result, WLs in the latter were significantly shorter than in
littermate controls at all rotation frequencies. Consequently, stable rotors occurred in both
groups, but the Ik group had slightly higher rotation frequencies, lower CV, and shorter APD
than the control. Most important, unlike control monolayers, the waves emanating from rotors
in the Ik preparations freq7uently underwent wavebreak, fibrillatory conduction and formation
of new, short-lived rotors.” Moreover, the density of wavebreaks increased with time, as long
as a stable source sustained thefibrillatory activity. None of the controls showed any
wavebreaks other than the original rotor giving rise to sustained reentrant activity. Overall, the
results by Mufioz et all4 provided the first demonstration at the molecular level that I
involvement in post-repolarization refractoriness can lead to wavebreak formation and
fibrillatory conduction. Also, fibroblasts interacting with myocytes have been shown to
produce fibrillatory conduction patterns.15 These data also opened a new approach to
investigate the specific roles of other sarcolemmal channels in the mechanisms of turbulent
cardiac excitation during both AF and VF.

lonic Current Modifications and A trial Fibrillation

Numerical experiments using a 2D ionic model of cardiac excitation have predicted that
inhibition of Iy, induces rotor and AF termination by three different mechanisms: i)
enlargement of the center of rotation (core); ii) decreased ability of the rotor to anchor to
functional obstacles, with increasing meander and subsequent extinction at boundaries; and
iii) reduction in the number of secondary wavelets that generate new primary rotors.

The currents implicated in the plateau phase of the AP have also been suggested to prevent or
stop AF 6 the elevation of the plateau phase seemed more important than the APDgg, in
accordance with experimental evidence where selective blockade of the atriumspecific, ultra-
rapid delayed rectifier K* current (Ix,) and the transient outward K* current (ly,) by AVE0118
effectively terminated AF in a goat model. 17 The rotor was terminated when producing
selective blockade (90%) of Ik, or Iy, but not the fast or slow delayed rectifier K* currents
(Ikrand IKS) Remarkably, prolongation of the APD at the plateau led to tip meander and
eventual wavebreak and rotor termination. The study also suggested that rotors cannot be
terminated by blockade of either Ik, or Ik alone, but the combined blockade of both currents
terminated the rotor as the prolongation of APDgg exceeded a critical value. Other studies
confirm the importance of Ik, in the AP of the human atria.18

As discussed above, the inward rectifying currents appear to be a major factor in the control
of the dynamics of fibrillation. I, augmentation has been proposed to increase AF frequency.
16 Importantly, the acetylcholine (ACh) sensitive current Ik ach, is particularly important in
atrial tissue and can produce hyperpolarization (removing voltage-dependent Na* current
inactivation) and AP shortening. These effects provide greater source current for impulse
conduction and allow for more rapid rotation, stabilizing atrial reentry and AF.19

lonic Current Modifications and Ventricular Fibrillation

Inhibition of Iy, in the ventricle reduces excitability and cv.’9 During reentry, this gives rise
to a smaller WL, larger core size and consequently slower rotation frequency and less
wavefront-wavetail interactions. Hence, in the isolated rabbit heart treated with TTX the
reduced excitability tripled the area of the core, reduced the rotation frequency and facilitated
1:1 conduction, reducing the amount of fibrillatory conduction (see Noujaim et al’ and
references therein). Under these conditions, spiral-wave stabilization led to a transition from
VF to monomorphic VT. Alternatively, another consequence of reducing ventricular
excitability is that the increased core size may facilitate interaction with structural
heterogeneities in the myocardium, leading to increased meandering and subsequent
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arrhythmia termination.” However, other data have been reported, showing that Iy, blockade
is not sufficient to terminate VVF, but instead the reduction in excitability would increase the
vulnerability to reentry by increasing post-repolarization refractoriness, creating a
proarrhythmic substrate that could explain the deleterious clinical effects of class |
antiarrhythmic drugs (see Noujaim SF et al’ for review)

Blocking the L-type calcium current (Ic,. ) with verapamil has been shown to stabilize reentry
and convert VF to VT by reducing the appearance of singularity points, rotor frequency (due
to an increased core radius and reduced APD) and wavefront fragmentation.’:7 In contrast,

other authors have reported that verapamil transiently increases VF dominant frequency (DF)
and reduces core size; these discrepancies have been attributed to methodological differences.

Much less is known about the main repolarizing currents implicated in phase 1 and 2 of the
ventricular AP. There is evidence for the implication of I, in Wenckebach rhythms in the rabbit
heart. The greater density of Iy, in the canine epicardium sets the appropriate conditions for
reentry in the presence of Iy, and I, blockade or other diseases, like Brugada syndrome,
and this Wenckebach-like activity has been related to the presence of fibrillatory conduction
(see Noujaim et al and references therein7'9).

The delayed rectifier currents, Ik, and Ik, which activate relatively slowly, are unlikely to
have a large influence near the organizing center (i.e., the core) of reentry.14 Experimental
studies using delayed rectifier blockers have suggested that the resulting APD prolongation
reduces VF frequency and increases organization.7 Interestingly, APD change alone was not
a determinant mechanism, since shortening the APD with the calcium channel blocker
bretylium also led to frequency reduction and to increased VF organization. Studies employing
sotalol and dofetilide in rabbit and cat hearts, respectively, reported a decreased VF frequency
and a reduction in the complexity of the arrhythmia, although conflicting results have also been
reported.7 Finally, based on the recent results of Mufioz et al in the monolayers14 itis tempting
to speculate that, in the ventricles, ks plays an important role in the ionic mechanisms of post-
repolarization refractoriness, wavebreak formation and fibrillatory conduction, with important
implications in tachyarrhythmias. This hypothesis, however, requires further validation.

Much more information is available regarding the inward rectifying potassium current, k1, in
the ventricles. In the guinea pig heart, regional differences in the distribution of Kir2.x protein
channels provide a feasible ionic mechanism for the preferential localization and of high
frequency rotors in the left ventricle (LV) with fibrillatory conduction to the right ventricle
(RV).7 As inferred from the mouse heart studies discussed above,? the larger Ikq stabilizes
reentry in the LV by increasing excitability and CV during reentry, thus reducing wavefront-
wavetail interactions.18 Selective Ik blockade with Ba?* resulted in a concentration-
dependent reduction of the rotation frequency.3

AF and VF: Two Different Beasts with Common Features

There are significant differences between the atria and the ventricles in terms of their specific
anatomical structure, ion channel makeup and gene expression. Yet there are striking
similarities in their global electrical behavior during fibrillation. For example, rotors are a
common feature of AF and VF. In fact rotors are common to many biological, chemical and
physical excitable media and their dynamics have been the subject of intense research
throughout the scientific world. In the heart, not only the dynamics of rotors and spiral waves
are similar, but also both chambers share the presence of a left-to-right gradient of DFs,
suggesting that the left heart plays the leading role in maintaining fibrillation. Below we discuss
some of the common features of both arrhythmias as well as their major differences.
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The dynamics of AF and VF maintenance are similar—The importance of rotors in
AF and VF maintenance in patients seems clear, even when the exact mechanism is not
completely understood.#20 Rotors are essential players in both arrhythmias, they may exist
alone as stationary high-frequency mother rotors that generate wavefronts that fractionate and
disorganize in its periphery. They may also manifest as drifting rotors or even as rotors that
rapidly die off leaving multiple offspring wavelets that originate new short-lived rotors and
new wavelets.3—> While specific ionic currents implicated in AF maintenance may be vastly
different from those responsible for VF, their dynamics of wave propagation show many
similarities.

The importance of anatomical structure—Clearly, the anatomy of the atria is very
different from that of the ventricles. However, the atrial and ventricular muscles share common
features, particularly in regards to their structural and electrophysiological heterogeneities,
both of which represent excellent substrates for sustained reentry. As such, the specific
anatomical structure of the cardiac chambers is likely to be a crucial factor in determining the
ultimate fibrillatory behavior. For example, in the atria, Gray et al. showed that the crista
terminalis and the pectinate muscles are sites of preferential propagation whose frequency
dependence enabled disparity between endocardial and epicardial activation as well as reentry.
21 The anatomy of the tissue is also responsible for the fragmentation of waves and conduction
block. For instance, studies in isolated sheep hearts have shown that the interface between
Bachmann's bundle and the branching pectinate muscles of the right atrial appendage. These
regions present abrupt changes in their thickness (bigger than 1 mm) and frequency dependent
sink-to-source mismatch. Here, spatially distributed intermittent block of wavefronts makes
the right atrium (RA) incapable of activating 1:1 in response to impulses traveling from the
left atrium (LA) at frequencies higher than ~6.8 Hz (so-called “breakdown frequency”), even
if the input frequency is highly perlodlc Recently, high stimulation frequency of the
pulmonary veins orlgmates wavebreaks in areas of abrupt fiber orientation and wall thickness
in the LA posterior wall.2

Similarly, the heterogeneity of the ventricular anatomy is likely to play an important role in
rotor dynamics. For example, the thicker left ventricular wall may manifest the complex
dynamics of 3D scroll waves much more readily than the thinner right ventricle and the two
atrial walls. In this regard, Kim et al suggested that sink-to-source mismatch between areas
with different thickness in the ventricle may serve to anchor rotors23 and these rotors may span
the thickness of the ventricular wall. For instance, the papillary muscles in the LV may help
to stabilize rotors.24

lonic current heterogeneities are involved in AF and VF dynamics—Electrically,
the atria and ventricles have common features, but also large differences, particularly in regards
to the role of the specific ion channels that might be involved in the mechanism of fibrillation
maintenance, as well as the spatial distribution of those channels in the cardiac chambers, which
may be important for the understanding of fibrillation pathophysiology. AF and VVF share the
same consequences of Iy, inhibition: reduction of excitability and slowing of reentry, but
promotion of rotor meandering and, eventually, rotor annihilation by interaction with an
unexcitable obstacle.”8 The stabilizing role of inward-rectifying currents is also similar for
AF and VF. An increased Ik plays a stabilization role in both AF and VF, but Ik ach is also
very important in AF, while it has not been proven to be so relevant during VF. On the other
hand, the differential expression of these currents partially explains the frequency gradient
existing between the left and the rlght heart in both chambers. Ikq is preferentlally expressed
in the LV (as compared to the rlght) while Ik ach density is larger in the LA. 19 This may
explain in part the already traditional concept that cholinergic AF maintenance in the normal
heart is attributed to the heterogeneous distribution of vagal innervation and muscarinic ACh
receptors. Sarmast et all® hypothesized a heterogeneous response to cholinergic input through
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a larger I ach activation in the LA than in the RA, setting the stage for the development of
AF by means of two mechanisms: an abbreviation of the APD (increased reentry frequency);
and an increase in the resting membrane conductance (reduced space constant and conduction
velocity). In point of fact, in ACh-mediated AF, higher activation frequencies in the LA were
associated with a larger density of Ix acp partially due to a greater abundance of Kir3.x
channels.19

With regards to the ventricles, the differential expression of Ik that has been observed in the
guinea pig heart between the LV and the RV may be a cause for the DF differences observed
between the two chambers. As discussed above, during VF Ik acts as a reentry stabilizer,? so
reducing Ik specifically in the ventricles might be an attractive option for rotor termination.
While the Ik1 and Iy, interplay determines the cell excitability, the delayed rectifiers may play
arole in fibrillatory conduction. Indeed, Ikg has been implicated in wavebreak and singularity
point formation, although therr slow activation kinetics suggested a relatively small role in
rotor frequency and stabrlrty For AF, as well as for VF, the role of the main phase 1 and 2
repolarizing currents, Iy, and the exclusively atrial Ik, remains to be elucidated.

Importance of Ischemia and of Structural Heart Disease

Little is known about the effects of ischemia on rotor dynamics in the atria, although some
evidence exists for an increased complexity of AF during acute ischemia.2> In the ventricles,
acute regional ischemia plays a dual role in the maintenance of VF, decreasing the incidence
of wavebreaks in the ischemic zone while increasing it in the ischemic border zone. This
suggests a predominant role of fixed heterogeneities in the formation of wavebreaks during
VF in acute regional ischemia. 26 Similarly chronic ischemia models have demonstrated that
the ischemic border zone forms a substrate for the stabilization of sustained reentry 7 Aside
from ischemia, the importance of the underlying structural disease, which may be obviously
different in AF and VF, should be, and has recently become the focus of attention, because
rotor dynamics and its underlying ionic mechanisms are likely to depend on the disease or
disease stage.28 Disease-induced heterogeneity may be responsible for the widely different
scenarios (i.e., single stationary, single drifting, short-lived rotors, multiple wavelets) that have
given birth to different theories of fibrillation. It is quite possible that such scenarios actually
represent different manifestations of the same phenomenon modulated by the particular disease
condition of the heart.

Clinical Perspective

Rotors in the Human Heart

To date, most studies that have enhanced our understanding of the molecular and/or ionic
mechanisms of sustained fibrillation have been performed in animal models. 3.4 More time has
been necessary to confirm these theories in patients due to technical an ethical issues. Recent
studies have reported the presence of rotors during human fibrillation. Here we present some
of the available evidence of the presence of rotors in the human heart.

Are There Rotors in the Human Atrium?

To our knowledge, no direct evidence of electrical rotors has been obtained in the human atria,
although there have been many speculations and inferences based on electrophysiological and
pharmacological studies. Repetltlve activit Wlth variable cycle length was found in the LA
and RA of AF patlents.29 30 Other studies®1:32 have demonstrated unstable reentrant circuits
or driver activity, which could be mterpreted as causing fibrillatory conduction. A strong
argument has been made that most é)atlents with AF may have a focal mechanism as the
initiating cause of the arrhythmla Yet reentry secondary to a wavebreak is by no means out
of the question as an AF trigger. It is also likely that, in at least some AF patients, a rotor or
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small number of rotors are the drivers that maintain the arrhythmia. 4 Recently Atienza et

al33 demonstrated that intravenous infusion of an adenosine (ADO) bolus accelerated drivers
of human AF. ADO increases potassium conductance through activation of the same inward
rectifier channels that are targeted by acetylcholine (I ach). As such ADO infusion should
shorten AP duration and refractoriness and reduce excitability and automaticity. 34 Thus, as
expected from a reentrant mechanism of AF maintenance, ADO infusion increased the DF
primarily at sites that activated at the highest rate at baseline. Those results stron 395y suggested
that the arrhythmia is maintained by reentrant sources. Moreover, Sanders et al°° identified
localized sites of high-frequency activity during AF in humans with different distributions in
paroxysmal and permanent AF. In another study patients with chronic AF the atrial
electrogram showed an area of regular, rapid rhythm, consistent with the possibility that a
driver causing fibrillatory conduction is one mechanism of AF in these patients.36 Finally, in
the study of Atienza et al,33 ADO infusion in persistent AF patients increased local DFs only
in the high RA, without significant changes at other atrial sites. Those data suggested that
persistent AF also is maintained by high-frequency reentrant sources.

Rotors in the Human Ventricle

Fibrillatory wavefronts in the human ventricles are large, so they must be highly organized to
avoid drifting and annihilation.37:38 Nash et a139 detected large wavefronts in the ventricular
epicardium, generated by few reentrant sources, and at times, they observed only one source.
Reentry was frequently long lasting and followed by periods with more complex patterns
consistent with wandering wavelet activation, which was attributed to a combined mechanism
involving rotors and multiple independent wavelets.39 Unfortunately, direct optical mapping
for the assessment of rotors in human VF has been limited by spatial resolution. Recently, the
submillimetric resolution obtained by Nanthakumar et al40 allowed detection of reentrant
wavefronts in human VF, providing the first direct demonstration of phase singularities,
wavebreaks and rotor formation in severely diseased, explanted human hearts. Importantly,
they found also wavefronts as large as the entire vertical length of the optical field, which
suggested a high degree of organization. New findings from simultaneous epicardial and
endocardial multielectrode mapping in patients with dilated cardiomyopathy and tetralogy of
Fallot, 41,42 suggested that during induced VF episodes, stable reentrant wavefronts occur in
the endocardium and the epicardium. The same authors demonstrated a stable source in the
endocardium, with a highly organized pattern in the local electrogram and a simultaneous and
disorganized pattern in the eplcardlum (breakthroughs), consistent with the idea of 3-
dimensional scroll waves.42 Thus, the short-lived rotors on the epicardial and/or endocardial
surfaces are thought to be manifestations of a scroll wave organized along the fiber orientation
within the wall. Massé et al also observed variable block patterns in wavefront transmission,
resulting in disorganized activity and wavefront fragmentation.42

Electrical and Structural Remodeling and Rotors

Unfortunately, the already complex picture of AF and VVF mechanisms is further complicated
by the electrical and structural remodeling processes that accompany and help to maintain
fibrillation. This hypothesis is supported by some data from patients, although much remains
to be done to relate the remodeling process to the changes in AF and VF dynamics. In the atria,
the study by Atienza et al, using ADO infusion showed that in persistent AF patients the drug
increased the local DF in the high RA only, while it increased DF in the pulmonary vein-atrial
junction, the distal coronary sinus, and the RA of patients with paroxysmal AF.3 Thus, AF-
induced atrial remodeling somehow modifies the sensitivity of channels responsible for

Ik ach (Iapo) to the purinergic agonist, the end result being a complete shift in the location of
the AF drivers and the DFs hierarchy. These data are in agreement with the different frequency
gradients, 43 and spatiotemporal organization in paroxysmal AF patients compared with
persistent AF patlents.44
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Parasympathetic signaling is altered in human atrial myocytes obtained from chronic AF
patients. Data indicate that the short APD and reduced APD response to changes in activation
frequencg that characterize chronic AF correlated with reduced Ic,. and increased Ik, and
IKyAch.Z In chronic AF Ik ach develops agonist-independent constitutive activity, likely
resulting from abnormal channel phosphorylation by PKC,45 contributing to the increased
resting membrane conductance produced by the Ik, increase (see below). The basal current
was higher in chronic AF only, whereas the muscarinic receptor-activated Ik ach was smaller
both in paroxysmal and chronic AF, which can be understood as a smaller ACh-sensitive
current. 45 This decrease of the response to ACh could also explain the reduced response to
ADO observed in persistent AF in patients.?’3 The increased basal agonist-independent current
would result in rotor stabilization, acceleration of reentry, and spread of the DF sites from the
PV to other non-PV locations and disappearance of LA to RA frequency gradients. Since
antiarrhythmic drugs like amiodarone, flecainide, quinidine, and verapamil are also Ix ach
inhibitors, it cannot be ruled out that their therapeutic effectiveness results, at least partially,
from inhibition of this constitutively active current in AF patients.46 Thus, a basal increase of
the Ik ach may represent a target for development of new therapy in AF. 19,4546 However,
Brundel et al. demonstrated that mRNA and protein levels of Kir3.1-3.4 were significantly
reduced in chronic AF patients.47

Structural remodeling has been shown to interfere with rotor behavior. For example, In AF,
fibrosis secondary to chronic heart failure has been shown to shift the pattern from a stable
rotor to multiple unstable rotors and wavebreaks28 despite producing a significant slowing of
rotor frequency. With regards to the ventricles, it has been shown experimentally that the
dynamics of VF in the presence of heart failure are different from those in the normal heart.
Heart failure remodeling decreases VF rate and increases VF organization.48 Acute stretch
partially reverses these effects by amechanism that is independent of remodeling. Interestingly,
the effects of acute ischemia on VF dynamics are significantly attenuated in heart failure
compared to normal hearts. Thus, the role of the structural substrate arises as a key factor
differentiating AF and VF in structurally normal versus moderately or severely remodeled
hearts.

Conclusions

While much work remains to be done, we have come a long way in our understanding of the
dynamics and mechanisms of the two most complex and dangerous arrhythmias seen in clinical
practice. With all this new knowledge at hand, several interventional (e.g., new defibrillating
algorithms, new ablation procedures) and pharmacological strategies are possible and continue
to arise resulting in clinical benefit for the patient. For example, we now know how certain ion
channel modifications at the single cell level affect rotor dynamics and often terminate their
activity. Perhaps by integrating this knowledge with a better understanding of the molecular
structure of atrial specific ion channels (e.g., Ixyr) toward the development a novel generation
of antiarrhythmic approaches that target specific ion channel protein domains, one should be
able to benefit the patient at risk not only by terminating an existing AF episode, but more
importantly prevent a new episode. However, the fact remains that millions of people around
the world still suffer the consequences of AF, including stroke, and millions more die suddenly
and prematurely as a result of VF. Arguably, fundamental research leading to a better
understanding mechanisms of AF and VF as well as their similarities and differences, from
their molecular mechanisms to their clinical manifestation, may help to improve our
understanding of these two devastating conditions.
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Figure 1.

Wavebreak formation. A. An electrical wavefront moves toward an anatomical obstacle. B.
The wavefront attaches to the obstacle and begins to circumnavigate it. C. Under appropriate
conditions of excitability, the wavefront breaks into two daughter wavelets that detach from
the obstacle, with the consequent formation of a phase singularity (PS) at each broken end. D.
The two wavelets curl around their respective PSs and begin to rotate inscribing a figure-8
pattern.
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Wavebreak and Fibrillatory Conduction

117 120 122

Figure 2.

Rotors and fibrillatory conduction. Waves emanating from a high-frequency rotor undergo
fibrillatory conduction in a computer model of cardiac ventricular myocytes. Numbers under
each frame are milliseconds.
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ACTIVATION FRON'

Figure 3.

Electrotonic effects of the center of rotation (core) on conduction velocity (CV) action potential
duration (APD) and wavelength (WL). During reentry the wavefront adopts a spiral shape with
increasing curvature toward the core. A. During sustained reentry, the CV of the wave front
slows gradually toward the center (solid arrows), reaching a critical value at the immediate
perimeter of the core. As a result, the core remains unexcited. Consequently, a voltage gradient
develops between the unexcited core and the neighboring active cells. B. Electrotonic currents
between the core and its immediate neighbors shorten APD near the core (broken trace and
horizontal arrow). Hence, wavelength (WL= CV x APD) near the core is much shorter than
WL far away from the core.
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Figure 4.

Consequences of transgenic overexpression of Ikq on action potential characteristics and
reentry wavelength and frequency. Top; Left, simulated action potential of wildtype (WT)
mouse ventricular myocyte; right, simulated action potential of transgenic (TG) myocyte (grey)
superimposed on WT (black). Note significant acceleration of phase-3 repolarization in TG
with respect to WT. Bottom, simulation of reentry in WT and TG sheets of ventricular
myocytes. Overexpression of I reduces the spatial extension of the excited state (wavelength)
and increases the rotation frequency (WT, 13 Hz; TG, 40 Hz). Curved arrow shows rotation
direction; white dot indicates position of the core. Modified from Noujaim et al® with
permission.
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Table 1

Glossary

Core: Center of spiral wave rotation whose diameter is established by the trajectory of the pivoting phase singularity.

Driver: the high frequency source that maintains fibrillatory activity. The driver may be reentrant (i.e., a rotor) or may be a focus of automatic pacemaker
or triggered (early afterdepolarizations, EADs; delayed afterdepolarizations) activity.

Dominant frequency the average number of local activations per second as measured by the highest peak in the power spectrum, obtained by the fast
Fourier transform within a limited frequency range.

Fibrillatory conduction: form of propagation of the rapidly successive wave fronts that emanate from a high frequency reentrant sources as they encounter
and interact with anatomical and/or functional obstacles in their path, leading to fragmentation and wavelet formation.

Phase singularity: also known as a singularity point. It is a point in two- or three-dimensional cardiac muscle where al phases of the excitation-recovery
cycle crowd together. The phase singularity is the pivot point of functional reentrant activity

Rotor: The organizing source (driver) of functional reentrant activity. It is the structure immediately surrounding the pivot of a rotating wave in two or
three dimensions. Here rotor and reentry are used interchangeably. It may be argued that functional reentry (i.e., a rotor) and anatomical reentry (i.e.,
reentry around an anatomical obstacle) may have the same underlying mechanism. In fact, when a rotor that drifts across excitable cardiac tissue encounters
and interacts with an unexcitable obstacle (e.g., a scar or a natural arterial orifice) it anchors to it and begins to rotate around it. Thus, functional reentry
may turn into anatomical reentry.

Spiral wave: The wave of excitation emitted by a rotor and whose front is an involute spiral with increasing convex curvature toward the rotation center.
Turbulence: Disrupted propagation of electrical waves that produces wavebreaks, wavelets and rotors.

Wavebreak: When an electrical wave front of excitation hits a functional or anatomical obstacle it can break, leading to the formation of “phase
singularities” at the broken endpoints of the daughter wavelets (see Figure 1). The resulting dynamics depend on the excitability of the medium. When
the excitability is low, the wave would shrink, resulting in two-dimensional decremental conduction. At an appropriate level of higher excitability, the
broken ends curve and the wavelets begin to rotate. The phenomenon is similar to eddy formation in water.
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