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Abstract
Ablation occupies an increasing role in the contemporary management of atrial fibrillation (AF), but results are suboptimal,
particularly for persistent AF. While an anatomic approach to ablation is a highly efficacious and safe method to isolate
pulmonary vein (PV) triggers, recurrence of AF is not always associated with PV reconnection, and there is compelling evidence
that non-PV sites sustain AF after it is triggered. Recent developments in wide-area mapping and signal processing now
identify rotors in the vast majority of AF patients that sustain AF and whose elimination improves long-term freedom from AF in
multicenter studies. Investigators have now demonstrated rotor and focal sources for AF that show many analogous properties
between approaches: they lie in spatially reproducible regions temporally over hours to days, and they are amenable to targeted
ablation. This review outlines the rationale and technical developments supporting this mechanistic paradigm for human AF, and
discusses how rotor mapping may be implemented for individual patient customization of lesion sets. Mechanistic studies are
required to explain why rotor elimination (or other ablation approaches) producing long-term elimination of AF may not always
terminate AF acutely, how AF correlates with structural changes on magnetic resonance imaging, and how these findings can be
integrated clinically with current ablation strategies to improve patient outcomes.

Introduction

Catheter Ablation of Atrial Fibrillation

Ablation is a mechanistically focused therapy. Historically,
the field developed on the foundations of targeting accessory
pathways as mechanisms for atrioventricular reentry, the slow
AV nodal pathway as a mechanism for atrioventricular nodal
reentry, and the cavotriscupid isthmus as the mechanism of
slow conduction for typical atrial flutter.1 Conversely, in atrial
fibrillation (AF), for which ablation is an increasingly widespread
and accepted therapy,2 it is unclear what mechanisms should be
targeted and increasingly debated how ablation works when it is
successful. Seminal observations that triggers from the pulmonary
veins (PV) can initiate AF3 laid the foundation for the procedure of
PV isolation (PVI). However, as our understanding advances, this
approach leaves key observations unaccounted for.
Substantial data show that PVI-centered ablation exhibits an
efficacy “ceiling” of 80% in paroxysmal AF, 60% in persistent AF
with multiple procedures, and 40% to 50% with single procedures.
While superior to medical therapy, the success of ablation for AF
is thus lower than for other arrhythmias.2 Notably, many patients
after successful ablation have reconnected PVs,4 while patients
with recurrent AF often have isolated PVs.2 In the absence of a
mechanistic paradigm to explain these observations, ablation
has focused on a similar anatomically based lesion set between
patients, recognizing that better mechanistic targeting of ablation
lesions in individual patients may be of benefit.
In this review we outline the rationale behind current lesion
sets and how novel methods to map rotors and focal sources in the
human atrium offer an alternative, individually-tailored ablation
strategy for patients with AF.

Real-world data suggest that there is room for improvement
in AF ablation,5 with success rates even of extensive ablation
being lower than reported in clinical trials and meta-analyses.6
Paradoxically, cases have been reported in which a single ablation
lesion7 or even localized pressure in a single reproducible location8
can terminate AF. Although it is difficult to reconcile these
apparently contradictory scenarios, a mechanistic umbrella that
explains such observations is likely to be a strong foundation for
future advances in AF ablation.
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Anatomical vs Functional Approaches

Two ablation approaches can be identified a priori. The first
is anatomical, in which a consistent lesion set is applied, given
interpatient variability, as exemplified by PVI. The second is
functional, which requires identifying critical arrhythmogenic
areas of the atrium.
It is reasonable to hypothesize that consistent regions of the
atria may cause AF. Putative mechanisms may include fibrosis,9
regions of ganglionic plexus innervation,10 and preferential
patterns of conduction slowing11 that facilitate reentry, wavebreak,
and AF. On the other hand, structural abnormalities are often
unrelated to clinical AF.12 Moreover, other than typical atrial
flutter (ablated in the cavotricuspid isthmus), few arrhythmias
lie at stereotypical locations. Variations exist in the precise
ablation site for atrioventricular nodal reentry, and variation is
more dramatic for atypical atrial flutters, accessory pathways,
and atrial and ventricular tachycardias. The suboptimal results
of stereotypical lesions sets for AF (e.g., PVI6 or empirical lines13)
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Figure 1. Atrial fibrillation likely
results from an interaction among
triggers, transitional mechanisms,
and sustaining mechanisms,
each of which are functional
but may show anatomical
consistency. Triggers (red asterisk
in pulmonary vein [PV] and green
stars for non-PV) are annotated,
with substrate in the form of
fiber angles and ganglionated
plexi enabling the formation of
localized sources in the form
of rotors. Factors that provide
anatomically conserved ablation
lesion sets are depicted with an
asterisk.2

accentuates the need to identify patient-specific functional targets
for ablation.

Tailoring Lesion Sets to AF Mechanisms

Figure 1 summarizes important relationships between potential
mechanisms and anatomic locations targeted by ablation lesions.
It is increasingly recognized that triggers exist both within and
outside the PV, with the suboptimal ablation results of these areas
suggesting that arrhythmia-maintaining substrates may lie away
from these sites.
One unifying paradigm for ablation is to consider that AF
is a dynamic process involving a trigger, a susceptible milieu
(transitional mechanism), and sustaining mechanisms. Triggers
may include any arrhythmia, including ectopic beats originating
in the PVs or from widespread regions of the atria. At the
cellular level, ectopy inside or outside the PV may result from
delayed afterdepolarizations (DADs) due to intracellular calcium
overload,14 which may also contribute to the functional milieu for
AF by promoting reentry. As a final pathway, recent studies show
that ectopy from many sites may produce conduction slowing at
stereotypical locations in each patient, resulting in block, reentry,
and AF initiation.15
Anatomically, considerations such as fiber angle (see Figure
1) or the presence of scar may determine how a small focus (a
“source”) can depolarize a large body of myocardium (a “sink”)
and explain why certain triggering sites promote AF whereas
others produce only premature atrial contractions. The stochastic
distribution of these regions may explain why “anatomic”
strategies such as the maze procedure, roof lines, or appendage
isolation may prevent AF recurrence after ablation.2

reentry (rotors) or focal sources cause secondary disorganization.
This hypothesis is also based on recent computational modeling,
animal studies using optical mapping to directly visualize action
potential propagation, and basket catheter recordings in patients.24
This debate has been invigorated by the advent of novel clinical
mapping, which has recently revealed stable rotors and focal
sources25 that appear to sustain AF and where localized ablation
can eliminate AF on long-term follow-up. Other groups have
reported similar results with different techniques.26,27 Localized
sources reconcile clinical observations that are difficult to explain
by nonhierarchical mechanisms, such as how localized treatment
can eliminate persistent AF, stable gradients in AF dominant
frequency,28 and reproducible vectors of activation in AF.29 The
success of the Maze procedure supports the multiple wavelet
reentry, but recent clinical results of this surgery vary,30 and
both extensive lesions and Maze could also modulate localized
sources and increase the likelihood of encountering a barrier and
terminating.

Rotor Mapping in AF

Elegant studies in animal models demonstrated organized
spiral waves that drive AF but used approaches that are difficult to
replicate in humans. From a recording perspective, this included
a wide field of view and use of action potentials that indicate
local activation more accurately than clinical electrograms. From
a processing perspective, this included phase mapping—which
detects zones, called “phase singularities” or “rotor cores,” where
activation is sufficiently rapid to meet repolarization (“head meets
tail”)—and techniques to increase signal-to-noise ratio.16

Sustaining Mechanisms in AF

Once AF has been triggered, what mechanisms are
responsible for sustaining the arrhythmia for minutes, hours,
or longer? Two main theories (Figure 2) have been the subject
of intense debate for more than a century.16 The first proposes a
nonhierarchical mechanism (Figure 2 A17), with AF driven by selfsustaining, widely distributed, multiwavelet reentry as shown in
computational modeling, experimental studies in animals, and
epicardial mapping during cardiac surgery.18 This theory is linked
to the “critical mass” hypothesis of AF, whereby a certain atrial
size is required to sustain enough wavelets for the arrhythmia.19
The second is the localized source model (Figures 2 B, 2 C, and
3)17,20–23 in which macro-organization in the form of spiral wave
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Figure 2. Proposed mechanisms for the maintenance of atrial fibrillation. (A)
Multiple wavelet reentry, with nonhierarchical wavelets giving rise to fibrillatory
conduction. (B) Focal drivers either inside or outside of the pulmonary veins.
(C) Rotor sources, or spiral wave reentry giving rise to a localized source,
stable gradients of activation, and fibrillatory conduction in the rest of the
atrium. B and C may be considered together as localized whereas A is based
on widely distributed substrates.17
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Figure 3. Indirect clinical evidence for localized sources. (A) Recurrent electrogram patterns in specific zones identify areas in the left inferior pulmonary vein
(LIPV) and superior vena cava (SVC) that are not random nor disorganized and may drive atrial fibrillation (AF).20 (B) Epicardial mapping at time of mitral valve
surgery shows conserved distribution of dominant frequencies in a patient with AF for longer than 10 years.21 (C) Dominant frequency left-right gradients revealed
by optical mapping are preserved in an ovine model of AF.22 (D) Rotational activity from endocardial recordings in a patient with persistent AF adjacent to sites of
high electrogram complexity.23

Focal impulse and rotor modulation (FIRM) mapping was
developed to translate these principles to humans, using basket
catheters to widely record AF and signal processing based
on human atrial physiology to identify rotor cores by phase
mapping.31 The signal processing algorithms filter unipolar
electrograms, using the previously described rate-dependence
of bi-atrial action potential duration and conduction velocity, to
reveal the primary components of activation at each electrode
that are subjected to phase mapping (Figure 4). Rotors and focal
sources identified by this approach are spatially constrained,
temporally conserved, and drive AF based on maps of propagation
and the ability of localized ablation at these sites to eliminate AF.32
These findings have been confirmed in multicenter studies.33
Several clinical trials of AF source ablation have now been
reported. In the CONFIRM (Conventional Ablation for Atrial
Fibrillation With or Without Focal Impulse and Rotor Modulation)
trial, freedom from AF from a single procedure, measured using
implantable loop recorders in most patients, was significantly
greater (82.4%) in patients undergoing source-guided (FIRM)
ablation with standard ablation versus those receiving standard
ablation alone (44.9%).34 These results have been supported by
multicenter studies.35
Several other approaches have reported rotors and focal sources
in human AF that share many similarities with those recorded by
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FIRM.36 One emerging approach is body surface mapping using
the inverse solution.33 This approach describes sources as unstable,
although they do show temporospatial stability in that they remain
in reproducible regions of the atria for days between mapping and
are targeted by limited ablation.33 It is not clear whether differences
in AF source stability between mapping approaches reflects basket
coverage, movement of the heart relative to the torso, amplification
of rotor meander when projected to the body surface,37 or other
factors. Thus, many studies now support the presence of AF
sources whose elimination by limited ablation can improve clinical
outcome (Figure 2).

Customizing Lesions to Rotor Sites
Current approaches to rotor-based ablation32 target these
regions prior to PVI, empirical lines, or other lesion sets to
maximize signal fidelity during rotor mapping and to enable
empiric lesion sets to pass through identified rotor sites. In FIRM,
ablation covers approximately 2 to 3 cm2 areas of AF sources, while
body surface-based mapping appears to target larger areas.33,34
The proximity of rotor sites to some anatomic lesion sets
suggests that empiric lesion sets may work by inadvertently
targeting rotors.32 This is an alternative to the explanation that
ablation reduces atrial mass, which is unlikely since endocardial
ablation typically covers far less than the ~100 cm2 area of the
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Figure 4. Focal impulse and rotor
modulation (FIRM) mapping reveals
rotors and focal sources in human
atrial fibrillation (AF). Biatrial baskets
show activation patterns. Rotors in
(A) inferior left atrium, (B) posterior
left atrium, and (C) left atrial anterior
wall. White lesions indicate ablation
lesions.32

left atrium alone from recent magnetic resonance imaging (MRI)
studies. The 30% prevalence of right atrial rotors may contribute to
the observed 30% to 40% recurrence of AF after conventional left
atrial ablation procedures.

Do Localized Sources Explain Efficacy of Current
Lesion Sets?
Figure 4 shows examples of rotors and focal sources in human
AF and their proximity to existing lesion sets. This supports the
hypothesis that PVI may work by means other than electrical
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isolation of the veins. The use of balloons and extensive PV antral
ablation (to avoid PV stenosis) may inadvertently target substrates
in the posterior left atrial roof and other areas. For example, wide
PVI lesion sets may overlap sites of ganglionated plexi (autonomic
innervation) or sites of rotor anchoring.
In most PVI trials, additional ablation was required to achieve
the reported high success rates, and when a second procedure
was required, it was the norm to add empiric treatment beyond
PVI.38 Thus, PVI-based strategies often ablate beyond PVI, and an
important question is whether it modifies sources or organizes
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disorganized wavelets. If benefits are due to constraining
multiple wavelets, then more extensive empirical ablation should
have better outcomes. Paradoxically, some studies suggest the
opposite, that outcomes are better in patients requiring less
ablation.39 Early results from the STAR-AF II study suggest that
lesions targeting empirical lines or complex fractionated atrial
electrograms offer little efficacy beyond PVI alone in persistent
AF.13 One interpretation is that localized mechanisms are missed
by empirical non-map-guided lines, which should be tested
prospectively in studies targeting patient-specific AF rotors and
focal sources.

Electrogram Surrogates of Drivers
Complex fractionated atrial electrograms (CFAEs) have been
used as patient-specific ablation targets, but initial promising data
have been difficult to reproduce. This may be because CFAEs
represent diverse mechanisms or because AF is temporally
unstable.40 Beyond the electrogram, studies have demonstrated
prolonged conduction time prior to AF initiation at sites where
rotors form.11 Conduction velocity mapping in the human atrium
is challenging, but it integrates a wealth of information hidden
within the substrate and may also reflect structural abnormalities
such as fibrosis. Additional studies in this area, in combination
with MRI detection of atrial structural abnormalities, are
underway.

Conclusions
Rotor mapping offers a novel method for customizing lesion
sets to target sources that sustain AF in individual patients after
it is triggered. In multicenter nonrandomized studies, FIRMguided ablation shows superior early and late results compared
to conventional ablation alone. The validity of rotor mapping is
further strengthened by studies showing that conventional lesion
sets such as PVI may inadvertently ablate rotors as well as by
early data on FIRM-only ablation. Future studies will determine if
mechanistically tailored, patient-specific ablation can challenge the
stereotypical anatomic approach to ablate AF.
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