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Aims Persistent atrial fibrillation (AF) has been explained by multiple mechanisms which, while they conflict, all agree
that more disorganized AF is more difficult to treat than organized AF. We hypothesized that persistent AF
consists of interacting organized areas which may enlarge, shrink or coalesce, and that patients whose AF areas
enlarge by ablation are more likely to respond to therapy.

...................................................................................................................................................................................................
Methods
and results

We mapped vectorial propagation in persistent AF using wavefront fields (WFF), constructed from raw unipolar elec-
trograms at 64-pole basket catheters, during ablation until termination (Group 1, N = 20 patients) or cardioversion
(Group 2, N = 20 patients). Wavefront field mapping of patients (age 61.1± 13.2 years, left atrium 47.1 ± 6.9 mm) at
baseline showed 4.6 ± 1.0 organized areas, each separated by disorganization. Ablation of sites that led to termination
controlled larger organized area than competing sites (44.1 ± 11.1% vs. 22.4± 7.0%, P < 0.001). In Group 1, ablation
progressively enlarged unablated areas (rising from 32.2 ± 15.7% to 44.1 ± 11.1% of mapped atrium, P < 0.0001). In
Group 2, organized areas did not enlarge but contracted during ablation (23.6 ± 6.3% to 15.2 ± 5.6%, P < 0.0001).

...................................................................................................................................................................................................
Conclusion Mapping wavefront vectors in persistent AF revealed competing organized areas. Ablation that progressively enlarged

remaining areas was acutely successful, and sites where ablation terminated AF were surrounded by large organized areas.
Patients in whom large organized areas did not emerge during ablation did not exhibit AF termination. Further studies
should define how fibrillatory activity is organized within such areas and whether this approach can guide ablation.
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Introduction

Mechanistic understanding of atrial fibrillation (AF) is unclear. PVI is a
cornerstone of AF ablation,1 but outcomes remain suboptimal with
variability across centres. Several mechanisms are suggested that de-
scribe persistent AF as consisting of organized regions of high domi-
nant frequency,2 drivers, or passive activation3,4 or, alternatively,
disorganized sites5 of colliding waves represented by complex

electrograms. However, it is unclear how to reconcile these mecha-
nisms between different AF patients or studies, to guide therapy.

One notable conceptual agreement between models is that AF
exhibits a spectrum from relatively organized to disorganized activity.
This organizational AF spectrum was noted by Konings et al.6 and,
more recently, organized AF on the electrocardiogram (ECG) has
been associated with successful cardioversion and ablation7 as mea-
sured in the coronary sinus (CS).8 However, it is currently unclear
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how to map this spectrum of AF organization clinically to guide or
assess the impact of therapy.

We hypothesized that persistent AF comprises areas of organized
activity interspersed with zones of disorganization.5,6 We further rea-
soned that successful ablation may remove disorganized zones so
that remaining organized areas cover progressively more of the atrial
surface. Ultimately, this may result in the atria activating in a 1:1 fash-
ion and no longer fibrillating, i.e. atrial tachycardia or sinus rhythm.
Conversely, we reasoned that ablation that does not progressively
organize the atrium may not acutely terminate AF.

We tested our hypothesis by developing and applying a novel
wavefront field (WFF) approach to globally map organized areas,
which we quantified and tracked over time during cases of successful
and unsuccessful ablation.

Methods

Patient inclusion
We recruited consecutive patients with persistent AF at catheter abla-
tion, in whom mapping with basket catheters were used throughout the
procedure and in whom ablation acutely terminated AF during defined
ablation (n = 20, Group 1). In this same time frame, we identified consecu-
tive patients without AF termination during defined ablation (n = 20,
Group 2). Patients were included only if they had atrial basket recordings
until the time of termination of AF by ablation or the time of cardiover-
sion. All patients were classified as persistent AF1 and refractory to one
or more antiarrhythmic medications.

Electrophysiology study
Patients were brought to the EP lab in the post-absorptive state. All anti-
arrhythmic medications were discontinued >5 half-lives (>30 days for
amiodarone). Catheters were placed in the right atrium (RA), CS, and left
atrium (LA) via transseptal puncture. Basket catheters (64 poles, FIRMap,
Abbott) were placed in the right then left atria sequentially, or simulta-
neously (N = 9). Recent studies show that this maps �85% of the atrial
surface.9 For patients who presented in sinus rhythm, AF was induced
with rapid pacing from the CS. If AT was induced, this was mapped and
ablated first, followed by AF induction. Ablation was guided prospectively
by a clinical mapping system (RhythmViewTM, Abbott). Regions of ablation
were recorded relative to electrodes (e.g. CD23 reference means site
bracketed by electrodes C2, C3, D2, and D3) and in electroanatomic
maps. Analysis in this study then focused on WFF streamlines blinded to
sites of delivered ablation and outcome. PVI was performed by guidelines,

with wide-area circumferential ablation of the left and right pulmonary
veins, with verification of entrance and exit block.

Data export
Unipolar electrograms from the 64-pole basket and 12-lead ECG were
recorded (Bard LabSystem, Pro, Boston Scientific, MA, USA; Prucka, GE
CardioLab, Boston, MA, USA) with filtering at 0.05–500 Hz, sampled at
1 kHz, with electroanatomic mapping system amplifier disconnected to
reduce electromagnetic interference. Data exports were analysed
retrospectively.

In patients with acute AF termination (Group 1, n = 20), data were
exported for the minute spanning termination and for periods backwards
in time to the first recorded epoch (‘baseline AF’). In patients who did not
have acute termination of AF, data just prior to cardioversion or ibutilide
administration (Group 2, DCCV = 20, ibutilide = 5) and at periods back-
wards in time to the first recorded epoch (‘baseline AF’) were exported.

Wavefront field mapping
We used a novel approach to map AF propagation globally.10 Wavefront
field mapping applies gradient matching to calculate dynamic vector fields
that describe AF wavefront propagation over time. These vector fields
represent the direction and velocity of conduction across the atrium at
each point in time. Raw electrograms from panoramic recordings are
used as the input, and vectors are calculated based on activation timings
from any method, such as openly available methods online (http://narayan
lab.stanford.edu) or clinical mapping systems. The process is displayed as
an animated sequence of images containing activation fronts (grayscale
background features) and streamlines (green contours).

To illustrate WFF mapping, we first evaluated WFFs in sinus rhythm
(Figure 1, Supplementary material online, Movie S1) in a 65-year-old
Caucasian man. Figure 1A and B shows biatrial basket locations, which re-
cord unipolar (Figure 1C) electrograms from the majority of the atrial en-
docardium (>80% in a recent study9). Figure 1D shows WFF mapping of
sinus rhythm, shown as white pixels on a black background that decay
through shades of grey during repolarization for successive frames (time-
points). Propagation originates from the sinus node during diastole in
remaining atria (10 ms). Next, electrical propagation through the poste-
rior RA, through Bachmann’s bundle into the LA is visualized (50 ms).
Finally, laminar continuation of electrical propagation is seen at the infe-
rior RA, spreading to the inferior and lateral LA (90 ms). Figure 1E shows
a 200 ms summary of sinus wavefront propagation as streamlines (green)
with arrows indicating propagation direction.

Identification of organized areas in atrial

fibrillation
Figures 2–4 show WFF mapping of AF. Organized areas were defined
when wavefront propagation activated the area in a repeatable, 1:1 fash-
ion, confirmed by electrogram sequence. Streamlines reveal organized
areas in which activation could be rotational, focal (centrifugal), or lami-
nar. Streamlines could also diverge from the organized pattern due to
competing patch areas, lines of block, or fibrillatory conduction.

Organized areas were quantified as proportions of the mapped field.
Three trained observers examined a random sampling of 30 animated im-
age sequences (translating into 47 s videos) of AF and visually estimated
the size of the largest organized area (from 0 to 100%, in 5% increments)
as a proportion of the mapped field. Intraclass correlation among three
observers was 94.2%. The proportion of time, or temporal presence, of
each organized area, was calculated by a trained observer. The time pre-
sent of the identified organized area was divided by the total mapped
time in a video of the minute of mapped AF, giving a proportion of the
mapped time (0–100%).

What’s new?
• Atrial fibrillation (AF) reveals organized spatial areas that show

1:1 electrogram activity, separated by disorganized activation.
• Catheter ablation can eliminate organized areas and cause

remaining organized areas to enlarge, suggesting that persistent
AF represents a connected network.

• Patients in whom large organized areas emerge with catheter
ablation had a higher likelihood of acute AF termination.

• Wavefront field mapping is a novel non-phase-based approach
to quantify propagation vectors in AF and highlights clinically
relevant patterns in persistent AF.
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Statistical analysis
The primary analysis was based on WFF for the largest organized area in
the baseline minute and the minute just prior to termination or cardio-
version. Continuous data are represented as mean ± standard deviation,
median, or interquartile range as appropriate. Kolmogorov–Smirnov tests
did not reveal deviations from normality, so comparisons between two
groups were made with Student’s t-tests for independent samples or
Welch’s t-test if heterogeneity of various was present. Nominal values
were expressed n (%) and compared with v2 tests or Fisher’s exact tests
as appropriate. Inter-rater agreement was quantified by intraclass correla-
tion. A probability of <0.05 was considered statistically significant.

Results

Demographics and clinical flow
Table 1 summarizes demographics. There were no significant differ-
ences between patients in Groups 1 and 2. Group 2 patients trended

towards higher comorbidities than Group 1 patients (CHADS2-
VASc score 3.7± 1.3 vs. 3.0 ± 1.2, P = 0.07). Patients presented to the
laboratory in AF in 29/40 (72.5%) of cases, and AF was induced in the
remaining 11 (27.5%).

Of patients in Group 1, 14 terminated with guided ablation
prior to PVI and 6 by guided ablation after PVI. Of patients in
Group 2, five had delivery of ibutilide (after final mapping) to facili-
tate cardioversion. Atrial fibrillation was analyzed from the earliest
mapped segment to AF termination (Group 1) or cardioversion
(Group 2) of 124.3 ± 80.0 and 141.1 ± 75.2 min, respectively
(P = 0.49).

Wavefront fields in atrial fibrillation:
ablation causing termination to sinus
rhythm
We applied WFF mapping during ablation of persistent AF. Figure 2
shows WFF maps in a 55-year-old Caucasian man with persistent AF

Figure 1 WFF mapping of sinus rhythm. Biatrial basket locations in the right (A) and left atria (B) demonstrating appropriate contact and coverage
of the atrium. (B) Electrograms in sinus rhythm. (C) Successive snapshots of wavefront propagation over the atria in sinus rhythm, commencing in the
sinus region (10 ms), proceeding to the posterior RA and across Bachmann’s bundle (50 ms), then to the inferolateral LA. (D) WFF summary of the si-
nus wavefront displayed as stream lines (green) with arrows showing propagation direction. LA, left atrium; RA, right atrium; WFF, wavefront field.
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in whom ablation ultimately terminated AF to sinus rhythm
(Supplementary material online; Movie S2). Figure 2A shows baseline
AF prior to ablation, with two organized areas indicated by red and
white ellipses separated by disorganized areas. Unipolar electrograms
confirm 1:1 electrogram activation within each ellipse that were asyn-
chronous with each other, despite disorganized CS electrograms (cy-
cle length 176 ms).

Ablation targeted the centre of the white organized site indicated
by the white ellipse, where mapping showed rotational activity. Atrial
fibrillation did not terminate. Figure 2B indicates WFF of AF after this
ablation (marked X). Notably, the organized area indicated by the
red ellipse has enlarged. Unipolar electrograms at the same electrode
locations now show 1:1 organized electrogram activation in the red
ellipse (marked numbers 1–6), and CS electrograms still show AF but
cycle length prolonged to 191 ms. Ablation now targeted the centre
of the residual large organized area (red ellipse), which terminated
AF to sinus rhythm (Figure 2C). Figure 2D shows the electroanatomic
map, ablation lesions, and organized sites.

Overall, AF terminated to sinus rhythm in nine cases, in each of
which eliminating organized areas caused enlargement of residual
areas. Elimination of such primary organized areas terminated AF to
sinus rhythm in each case.

Wavefront field during atrial fibrillation
ablation with termination to atrial
tachycardia
We studied WFF maps in the right atrium(RA) (Supplementary mate-
rial online, Movie S3) and left atrium(LA) during ablation which termi-
nated persistent AF to atrial tachycardia, in a 74-year-old Caucasian
male with persistent AF after prior AF catheter ablation
(Supplementary material online, Movie S4).

Right atrial WFF mapping of AF at baseline (Figure 3A, left panel)
shows an organized area (blue ellipse), confirmed by sequential 1:1
electrograms at sites 1–6, within disorganized AF shown in bipolar
CS electrograms (cycle length 179 ms). Simultaneous left atrial WFF
mapping (Figure 3A, right panel) revealed two small areas (white

ellipse, labels 7–12, and red ellipse) with partial organization on uni-
polar electrograms (CS cycle length 179 ms).

Ablation at the centre of the right atrial organized area where clini-
cal mapping showed a region of interest (blue ellipse in Figure 3A, left
panel) did not terminate AF. However, repeat WFF map in the RA
(Figure 3B, left panel) shows loss of the organized blue area (‘X’).
Wavefront field in the LA (Figure 3B, right panel) now shows enlarge-
ment of both LA areas, each with sequential 1:1 electrograms and
slightly different cycle lengths (181 ms in red ellipse labels 7–11 vs.
166 ms in white ellipse labels 13–17).

Ablation guided by clinical mapping targeted the red ellipse, which
terminated AF to atrial tachycardia with cycle length 218 ms.
Wavefront field remapping in LA (Figure 3C) shows the ablated red
ellipse (‘X’) and expansion of the white ellipse with 1:1 electrograms
in the entire atrium (marked number 18–23) with cycle length
218 ms. This atrial tachycardia was mapped and successfully ablated.

Overall, 6 of 11 cases where ablation terminated AF to atrial tachy-
cardia (n = 8) or atrial flutter (n = 3) showed two competing primary
areas controlling most of the atrium, with ablation of one area leaving
the remaining area as an organized atrial tachycardia. Three of the 11
cases terminated to cavotricuspid atrial flutter, whose ablation
resulted in sinus rhythm.

Wavefront field maps in cases where
atrial fibrillation did not terminate by
ablation
We mapped WFF in a 62-year-old Caucasian man with persistent AF
with previous failed AF ablation in whom ablation within organized
areas failed to terminate AF (Figure 4, Supplementary material online,
Movie S5). Figure 4A shows left atrial WFF prior to ablation, with small
organized areas (red and yellow ellipses) confirmed by partially orga-
nized electrograms (bipolar CS electrogram CL 180 ms).

Clinical ablation at the centre of the yellow organized area did not
terminate AF. Figure 4B shows WFF after ablation (site marked X).
A new organized area (white ellipse) is seen, with minimal change in
the previous red area, with electrograms showing partial organization
and bipolar CS electrograms (CL 172 ms).

....................................................................................................................................................................................................................

Table 1 Patient demographics

n 5 40 Termination

(n 5 20)

Non-termination

(n 5 20)

P-value

Age (years) 60.1 ± 9.2 62.2 ± 16.5 0.63

Gender (male) 18 (90%) 20 (100%) 0.16

Persistent AF 20 (100%) 20 (100%) 1.00

Left atrial diameter (mm) 46.6 ± 6.0 47.5 ± 7.8 0.71

Left ventricular ejection fraction 53.3 ± 12.6 46.7 ± 16.9 0.17

Hypertension 15 (75%) 14 (70%) 0.73

Coronary artery disease 7 (35%) 8 (40%) 0.75

Diabetes mellitus Type 2 4 (20%) 8 (40%) 0.17

Transient ischaemia attack or stroke 3 (15%) 3 (15%) 1.00

CHADS2-VASc 2.95 ± 1.2 3.7 ± 1.3 0.07

Previous AF ablation 6 (30%) 8 (40%) 0.51

AF, atrial fibrillation.
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Figure 3 Persistent AF in a 74-year-old man with termination to atrial tachycardia. (A) WFF and corresponding unipolar electrograms in right and
LA, prior to ablation. WFF in RA shows an organized blue ellipse, where unipolar electrograms show sequential activation. WFF in LA shows two
less organized areas (red and white ellipses). Ablation in the centre of the right atrial (blue) ellipse did not terminate AF. (B) WFF remapping of RA
shows loss of organized blue ellipse and disorganized electrograms. WFF remapping of LA shows enlargement of organized areas, with 1:1 electro-
grams in each ellipse (red and white) at different cycle lengths. Ablation within the red ellipse terminated AF to atrial tachycardia. (C) WFF remapping
of LA shows full control by the white area with 1:1 activation of electrograms and cycle length 218 ms. This atrial tachycardia was successfully ablated.
AF, atrial fibrillation; LA, left atrium; RA, right atrium; WFF, wavefront field.

Figure 2 WFF of persistent AF in a 55-year-old man with termination to sinus rhythm. (A) WFF and corresponding electrograms. WFF shows two
organized areas (coloured ellipses) separated by disorganization. Unipolar electrograms at precise points marked on WFF streamlines confirm 1:1 ac-
tivation near the red ellipse, within disorganized activity seen on bipolar CS electrograms. The white ellipse area was ablated, but AF did not termi-
nate. (B) WFF after ablation of white organized ellipse (marked X), shows enlargement of the residual organized area (red ellipse). Unipolar
electrograms confirm 1:1 activation within the red ellipse. (C) Ablation at the centre of this primary area terminated AF to sinus rhythm. (D)
Electroanatomic map. AF, atrial fibrillation; CS, coronary sinus; WFF, wavefront field.
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Ablation targeting the original red ellipse also did not terminate
AF. Figure 4C shows WFF after second ablation (both sites marked X)
showing continuation with no expansion of the prior white organized
area and AF CL 173 ms. A significant amount of the atrium was still
disorganized.

Ablation of this white organized area also did not terminate AF.
Figure 4D shows disorganized WFF with three ablated areas (marked
X) and no residual organized areas. The atrium is now qualitatively
more disorganized than at baseline, seen also in electrograms with
AF CL 144 ms.

Figure 4E shows AF cardioversion to sinus rhythm, and Figure 4F
shows the electroanatomic map of sites of organized regions (red
circles) and pulmonary vein isolation (white circles).

Of 20 cases in Group 2 without AF termination by ablation, 18
cases showed no expansion of organized areas. The remaining two
cases showed progressive enlargement of an organized area that was
not ablated because it was not identified prospectively by clinical
mapping.

Organized areas between patients in
whom atrial fibrillation did/not
terminate by ablation
Figure 5 compares organized AF areas between groups. Figure 5A
shows, for Group 1 patients, that organized areas surrounding AF
termination sites covered larger atria areas (44.1 ± 11.1%) than the
average of cotemporaneous competing sites (22.4 ± 7.0%;
P < 0.00001). The temporal presence for organized areas was also
greater for terminating than competing sites (45.1± 23.4% vs.
26.1± 13.7% of mapped time; P < 0.005).

For Group 2 patients, in segments prior to cardioversion, there
was no difference in the observed size of the largest organized area

compared with the average organized area (16.6 ± 6.9% vs.
15.2 ± 5.6% of mapped area; P = 0.376).

Comparing the largest observed organized area just prior to termi-
nation and cardioversion in Groups 1 vs. 2, respectively, there was a
significant difference in the size of mapped areas (44.1± 11.1% vs.
16.6 ± 6.9%, P < 0.0001, Figure 5B). Temporal presence of organized
areas was larger in Group 1 than 2 (45.1± 23.5% vs. 14.8 ± 5.7%
P = 0.0001) but with a less clear separating cut point.

We established a threshold for size of organized area which pre-
dicts AF termination by ablation. The final site of AF termination in
Group 1 controlled an organized area >30% of mapped atrium in all
cases (100%). All but one case in Group 2, the largest organized area
covered <30% of mapped area (Figure 5B); the exception showed
progressive enlargement of this area yet without termination for
unclear reasons.

There were no differences between patients who presented in AF
or sinus rhythm in mean AF cycle length (179.7 ± 19.1 ms vs.
182.3± 13.9 ms; P = 0.4), in WFF area in Group 1 (45.9 ± 12.3 vs.
43.1 ± 10.5 %, P = 0.30) or in Group 2 (14.1 ± 9.1 vs. 16.1± 7.8 %,
P = 0.40), respectively.

Temporal progression of organized areas
between patient groups
In Group 1, organized area sizes were larger just prior to termination
than at baseline (44.1± 11.1% vs. 32.2 ± 15.7%, P < 0.0001; Figure 6A).
In Group 2 (Figure 6B), there was actually a decrease in organized
area size (23.6± 6.3 vs. 16.6 ± 6.9%; P < 0.0001) from baseline AF un-
til just before cardioversion.

Temporal duration of organized areas discriminated groups less
well. The temporal presence of organized areas trended to be higher
just prior to termination than at baseline in Group 1 (45.1 ± 23.5% vs.

Figure 4 Persistent AF in a 62-year-old man requiring cardioversion despite extensive ablation. (A) WFF of left atrium shows two organized areas
(red and yellow ellipses) with partial organization of unipolar electrograms. Ablation within these sites did not terminate AF. (B) WFF remapping of
left atrium (ablation marked X) reveals a new organized area (white ellipse) with minimal change to the previous red labelled area, with unipolar elec-
trograms showing partial organization. Ablation of the red ellipse did not terminate AF. (C) WFF remapping of left atrium (ablated area marked X)
shows continuation of white organized area, and unipolar electrograms showing some organization. Ablation within the white area did not terminate
AF. (D) WFF mapping after ablation of all organized areas; unipolar electrograms show no organized areas are present (E) AF cardioversion (red ar-
row labeled DCCV) to sinus rhythm. (F) Electroanatomic map showing ablation lesions within organized zones (red) and PVI (white). AF, atrial fibril-
lation; DCCV, direct current cardioversion; PVI, pulmonary vein isolation; WFF, wavefront field.
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34.3± 21.2%, P = 0.07) compared to Group 2 (15.6± 7.1% vs.
14.2± 6.2%, P = 0.203). The change in temporal presence by ablation
was greater for Group 1 than 2 (P < 0.005, Supplementary material
online, Figure).

For Group 1 patients, those in whom ablation within the first area
terminated AF showed no fluctuation in organized area size
(46.9± 12.6 vs. 52.7± 11.6 % of mapped atrium, P = 0.307, Figure 6C),
or temporal presence (53.2± 28.1% vs. 58.2± 27.9%, P = 0.729,
Supplementary material online, Figure) up to this first ablation lesion
set. In Group 1 patients who had ablation of multiple areas prior to
AF termination, there was a progressive increase in organized areas
from baseline to the final site prior to termination (25.9± 12.6 vs.
40.5± 9.0 % of mapped atrium, P = 0.0001; Figure 6D). Increase in
temporal duration (26.2± 10.7% vs. 39.5± 19.9%, P < 0.05) was also
observed in patients who required multiple ablations (Supplementary
material online, Figure).

Discussion

This study suggests a novel mechanistic framework in which AF rep-
resents the dynamic interaction of organized atrial areas. In patients
with acute procedural termination, organized AF areas progressively
enlarged as competing areas were eliminated by ablation. Ablation
sites surrounded by sufficiently large organized areas resulted in AF
termination in all patients. Conversely, patients with smaller orga-
nized areas did not experience AF termination. This model may rec-
oncile several proposed mechanisms, by mapping high-level

organized and disorganized areas rather than by attempting to iden-
tify specific indices, such as complex fractionated electrogram
(CFAE), scar, rotational, or focal drivers. Future studies should test
whether ablation within larger organized atrial areas is generally
more successful than ablation within regions that control less of
global atrial activity.

Prior studies of atrial fibrillation
organization
To our knowledge, this is the first study of organized areas within the
entire mapped atria in AF, within which we show that atrial activation
propagates in a coordinated 1:1 fashion. These data are consistent
with, and may reconcile, many other indices of AF organization.

Progression of global atrial organization with ablation from AF to
atrial flutter has been previously proposed at single sites by recur-
rence of electrogram shape.11 High spectral organizational index has
been seen in sites leading to AF termination; progressive organization
occurs after PVI.12 It has been shown that atrial tissue showing
repetitive-regular activities are more likely to be sites where ablation
acutely terminates AF, with better long-term outcomes.13

Conversely, an increased number of such sites may reduce the
chance of termination with ablation.14

A substantial body of work shows focal and rotational organized
drivers in AF, including optical mapping of human AF15 and various
clinical studies with promising yet variable results.16 One major ques-
tion is if some driver sites are ‘more important’ than others, such that
ablating others may hinder outcomes. In the recently presented
REAFFIRM trial,17 on-treatmentgroups receiving driver plus PVI
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ablation showed a trend for improved outcomes compared to PVI
(77.7% vs. 65.5% success), but this trend was extinguished if extensive
additional ablation (linear or complex electrograms) was also per-
formed. Although rotational and focal sources in this study were of-
ten concordant between WFF and the clinical mapping system, WFF
prioritizes sites by quantifying the impact of organized areas on sur-
rounding tissue which distinguishes it from prior AF mapping
approaches. This requires further study.

Prior studies of atrial fibrillation
disorganization
These data may help to explain why ablation at some sites of disorga-
nization, such as CFAEs, may be effective. Complex fractionated elec-
trogram regions may on occasion represent pivot points for
continuous re-entry of fibrillatory waves or pivot points represented
by electrogram dispersion. Ablation of such sites may allow re-entry
around ablated areas, leading to a larger organized area whose elimi-
nation may ultimately terminate AF.18 Organized areas fluctuate in
time, and CFAEs may reflect intermittent disruption of organized
areas by competing zones or fibrillatory conduction.16 Some suggest
that disorganization is perpetuated by endo-epi dissociation or cha-
otic signals5 which may represent activity that intersperses organized
areas. It is currently unclear why organized AF sizes did not increase
by ablation in Group 2. It is possible that ablation was suboptimal de-
spite adequate contact and electrogram reduction, which could have

anchored instead of eliminating competing sites, or that such patients
have different mechanisms with multiple small domain regions.

Mechanistic implications and future
directions
These data suggest that persistent AF, a globally disorganized rhythm,
exhibits a patchwork of organized areas (‘islands’) which interact to
cause disorganization. This avoids the need to address currently con-
troversial debates on identifying complete or partial rotations,19

whether re-entry in human AF is functional or anatomic, whether a
focal beat indicates breakthrough from re-entry on the opposite
wall,20 or whether activation is passively organized by scar. Future
studies should examine why some organized areas did expand on ab-
lation of surrounding sites (Group 1), while others did not (Group 2).

The WFF method used here is attractive for this investigation since
it does not use phase mapping or traditional activation mapping16 and
can rapidly identify regions of 1:1 organized electrograms. Mechanistic
studies should define causes for organized patches which may differ
between patients. Clinical studies should define the relationship be-
tween ablation of organized patches and long-term outcome. Real-
time mapping during ablation may ultimately guide ablation.

Limitations
First, this is a relatively small cohort of patients, although they were
well mapped over a long duration. Prospective, larger studies will be
needed to accurately predict termination based on atrial organized
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Figure 6 Temporal progression of organized areas during ablation in both groups. (A) Bar graph showing organized area size of the terminating
site in Group 1 at two different time points: at baseline AF (dark green) and prior to termination (green). (B) Comparison of organized area size at
baseline AF (dark green) and prior to cardioversion (red) in Group 2. (C) In patients that had acute termination of AF with first lesion set, comparison
of organized area of terminating site at both baseline AF (dark green) and prior to termination (green). (D) In patients receiving more than one abla-
tion prior to termination of AF, comparison of organized area size of termination site at both baseline AF and prior to termination. Error bars repre-
sent standard error of means. AF, atrial fibrillation.
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areas. Organized areas were estimated by blinded, visual analysis. We
are currently developing automated methods to quantify organized
areas. Patients in this study were part of multiple protocols, and so
long-term outcomes are not available. Global mapping is needed to
define organized areas and basket catheters are limited by variable
contact, electrode spacing, and movement. Nevertheless, they cur-
rently provide the highest available resolution for wide-area contact
mapping. Non-invasive electrocardiographic imaging provides an al-
ternative approach, although its accuracy has been questioned. True
assessment of areas of control is limited by 2-dimensional displays of
the basket. We are currently working to reconstruct organized areas
in 3 dimensions in patient-specific anatomies.

Conclusion

We use novel global mapping of AF propagation to show that AF can
be represented as a dynamic interaction of organized areas of con-
trol, interspersed by disorganized activity. In successful cases, ablation
enabled residual areas to enlarge, and sites surrounded by a critical
atrial area were invariably sites where ablation terminated AF.
Patients in whom atrial areas did not enlarge did not exhibit termina-
tion. Future studies should test if using these results to guide ablation
can improve outcomes.

Supplementary material

Supplementary material is available at Europace online.
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