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Atrial fibrillation (AF), the most common sustained arrhythmia, represents a difficult
scientific challenge and remains enigmatic even after more than one century of research.
Already about a hundred years ago principles that could account for organization amidst
much disorganized spatial and temporal patterns of activation were proposed to prevail in
the form of reentrant activity.1,2 During the last decades experimental and clinical studies
have demonstrated that despite the spatiotemporal complexity of wave propagation during
AF, maintenance of the arrhythmia in many cases depends on measurable deterministic
properties of fast rotors and hierarchical distribution of activation rates.3–7 However, any
suggestion of organization underlying AF is met with skepticism as the proclaimed
organization is quite elusive, particularly since the analysis and treatment of the arrhythmia
in humans depends, for the most part, on catheter-based, relatively low resolution
electroanatomical mapping.8 As such, when the isolation of pulmonary veins (PVs) by
radiofrequency ablation is insufficient to eliminate AF, most clinical electrophysiologists
today move on to target areas of complex electrograms, whose ever changing morphologies,
inter-beat intervals and amplitudes have somehow led to the notion that such areas may
harbor the sources that maintain AF. In this context, Nademanee et al,9 identified a
particular class of electrograms, which he termed “complex fractionated atrial electrograms”
(CFAEs), at sites outside the four PV ostia, on the posterior and anterior left atrial (LA)
walls. Nademanee’s work stirred much interest among those studying AF, and since then
many attempts have been made to automatically quantify CFAEs and extract from them a
better understanding of AF mechanisms.10–13 The ultimate common goal is to guide ablation
procedures and increase their efficacy in patients with either paroxysmal or persistent
AF.9,14

In this issue of CIRCAE, Ciaccio et al have extended the analysis of CFAEs by focusing on
the spatial and temporal repeatability of CFAE patterns.15 They propose a novel way to
combine two methods to quantify repetitiveness in CFAE: linear prediction and Fourier
reconstruction. The linear analysis method of the CFAEs signals captures the amount of
similar morphological deflection patterns, regardless of whether such deflections appear in
fixed or varying time intervals within predetermined epoch durations. Their Fourier-based
analysis selects all those frequency components of the CFAE signals with power above a
determined cutoff, allowing appreciation of the combined short and long term periodicities
embedded in either the morphology of a single deflection (i.e., short term) or its
reproducibility (i.e., long term) on the CFAEs. Lower prediction and reconstruction errors
are considered indicative of increasing repetitiveness and decreasing randomness. The
analysis shows that in paroxysmal AF patients, CFAE pattern repetitiveness is significantly
lower (randomness higher) at antral sites outside PV ostia compared with LA free wall sites.
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In longstanding AF, repetitiveness increases outside the PV ostia, especially outside the left
superior PV ostium, and diminishes at the LA free wall sites. The analysis further shows that
in persistent AF, there are no significant site-specific differences in CFAE repetitiveness at
the selected LA locations used in this study. Concomitantly with the changes in CFAEs
repeatability, and consistent with other clinical studies,16–18 Ciaccio et al also found that the
average DF magnitude was 5.32±0.29 Hz in paroxysmal AF and higher and more uniform in
longstanding AF at 6.27±0.13 Hz. The authors conclude that in paroxysmal AF patients,
CFAE repetitiveness is low and randomness high outside the PVs, particularly outside the
left superior PV. As the substrate evolves toward longstanding persistent AF, CFAE
repetitiveness becomes more uniformly distributed at disparate sites.

The interesting results of Ciaccio et al may be seen as an attempt to support the notion that
as AF becomes persistent, it increasingly depends on drivers localized within atrial regions
outside the PVs. However, the support is inconclusive due to both scarcity of spatial data
and a lack of information on impulse propagation. Therefore, based on the data presented
there is no way to infer the location of presumed discrete drivers in the paroxysmal or
persistent AF patients studied by these authors. Justifiably, Ciaccio et al sought to categorize
the repeatability of CFAEs. Yet, at the outset, their approach is poised to generate ambiguity
in data interpretation, because repeatability implies temporal organization, and according to
Nademanee’s definition, CFAEs are not supposed to be temporally organized. In addition,
the definition of CFAE used here lacks a solid mechanistic rationale, which begs the
question of how one should rigorously establish the boundary between organized and non-
organized elements of the CFAEs? Additional questions include: How should one interpret
the finding that relatively more “organized” (repeating) CFAEs were found on the anterior
left atrium in paroxysmal AF patients, but not in persistent AF patients? Is the higher
organization in paroxysmal AF related to the fact that DF is lower in those patients
compared with persistent AF patients? But, if that is the case, then how should one explain
the increased CFAE organization in the PVs of persistent AF, where the DFs were higher
than in paroxysmal AF at any location? Could that be related to a reduced refractory period
across the remodeled atria of persistent AF?

Many studies, by us and others, have attempted to shed light on the origins of complex
electrograms and to reconcile the co-existence of organized and complex activity in AF.
Most such studies have not used Nademanee’s definition of CFAEs.9 For example, Kalifa et
al used optical mapping of the posterior LA wall in a sheep heart model of acute AF to
investigate the relationship between the spatial distribution of sites with high activation rate,
variability in propagation velocity and direction, and the resulting irregularity in the local
voltage.6 By quantifying both the relative power at the DF (regularity index, RI) and
counting the number of deflections, as well as assessing the variability in the voltage
amplitude, they demonstrated that at the periphery of high-frequency AF drivers there is an
area at which most fractionation occurs. Importantly, it was found that beyond that area, at
longer distances from the high-frequency source, the activation rate was already reduced,
and the organization of incoming waves was regained, which yielded a biphasic relationship
between the DF of waves emanating from a localized source and their RIs. As such, we
suspect that the relative increase in the organization of the CFAEs reported by Ciaccio et al
on the anterior LA in paroxysmal AF patients, was in fact the result of a spatial
transformation of DF in space between the AF driver and the recording site. In a more recent
mechanistic study, Zlochiver et al demonstrated that rotor meandering might also underlie,
at least in part, the electrogram fractionation that occurs close to the driver.5 Based on the
above results, it is reasonable to expect that, since the refractory period is shorter in
persistent AF than paroxysmal AF,19 reentry could become more stable in the former than in
the latter.20 This, in turn, may explain why, despite a general increase in DFs in the
persistent AF patients analyzed by Ciaccio et al, the repeatability of the CFAEs in those
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patients was greater, i.e., their CFAEs were more “regular” (except in the antral LA), than in
paroxysmal AF patients.

Studies have demonstrated that the atria respond to activation rate increments with
progressive deterioration of stable directionality and electrogram fractionation4,21 and
suggest that CFAEs may be unrelated to the primary arrhythmia mechanism, and simply
represent transient pivoting, wavefront collision or sink-to-source mismatch at increasingly
higher activation rates.3,4,21–24 Moreover, experimental and clinical studies strongly suggest
that, in paroxysmal AF, electrogram fractionation at the posterior LA wall is a reflection of
fibrillatory conduction and a consequence of the dynamic interaction between high
frequency re-entrant sources and the atrial anatomy. Further, high-density mapping has
identified clusters of high DF sites with fractionation most likely observed adjacent to those
sites.6 Therefore, the transition to fractionation is not random, but reflects functional
intermittence of atrial conduction in response to periodic input of exceedingly high
frequency.

Atienza et al recently studied specifically the intermittent nature of irregular activity from a
different perspective.25 The original definition of CFAEs includes 2 different features:
electrogram fractionation and short electrogram cycle length.9 Accordingly, Atienza et al
analyzed such features as separate variables to derive mechanistic insight of their possible
interaction.25 Their findings were as follows: i) in induced, paroxysmal AF, electrogram
fractionation at the posterior LA wall was rate-dependent; ii) organized AF phases showed a
highly stable and recurrent pattern of incoming waves of activation emanating from high-
frequency sites at the PV-LA junctions area; iii) transitions from organized to fractionated
electrograms were always preceded by progressive cycle length shortening leading to beat-
to-beat changes in wavefront directionality, intermittent wavebreak and reentry around a line
of functional block, most likely at the septo-pulmonary bundle; finally, iv) wavefront
acceleration ahead of drifting rotors on the posterior LA wall and/or rotor meandering gives
rise to intermittent local fractionation.

Taken together, the above results strongly support the conclusion that, since the
instantaneous atrial activation frequency (i.e., 1/cycle length) invariably increases prior to
fragmentation and decreases upon organization, the local frequency of activation is a major
determinant of electrogram fragmentation. In other words, fragmentation in Nademanee’s
original definition9 of CFAEs is not an independent variable. Its dependence on atrial
refractoriness and activation frequency is clear; for any given level of refractoriness,
fractionation may or may not appear in the presence of low activation rates, but it is very
likely to appear at a breakpoint as activation rate is increased.4 The implication of that rule is
simple: unless rigorously demonstrated otherwise, local fractionation is a poor criterion to
select as an ablation target. The article by Ciaccio et al does not invalidate such a conclusion
or provide clear answers to many questions still lingering around the nature of the CFAEs.
Yet if combined with more mechanistic analyses, the novel approach outlined by Ciaccio et
al might potentially help in the full characterization of the electrophysiological bases of AF.
More importantly, it might help delineate what constitutes a CFAE and whether or not it is
critical for AF maintenance.
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