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ABSTRACT

OBJECTIVES The study sought to localize focal sources (FS) during atrial fibrillation (AF) using periodic component
analysis (PiCA) and QS unipolar electrogram (EGM) morphology based on the assumption that periodic activation with
centrifugal propagation is inherent to a FS.

BACKGROUND The localization of FS maintaining AF remains challenging, due to limitations in conventional time-
frequency domain analysis. This is relevant to identifying targets for AF substrate ablation.

METHODS In 41 patients (age 56 + 9 years, 76% persistent AF), bipolar EGMs were recorded in the left atrium (LA)
during AF with a roving 20-pole catheter. Bipolar EGMs with periodicity were determined using PiCA. FS were defined as
periodic sites with predominantly QS unipolar EGM morphology.

RESULTS For each patient, 456 4 109 bipolar EGMs were recorded, of which 261 + 15 (60%) demonstrated periodicity.
FS were identified in 63% of patients (pulmonary vein [PV] 1.5 + 1.5, extra-PV 2.6 + 2.3). After PV antral ablation and
follow-up of 14 + 9 months, 37% of patients had symptomatic AF recurrence. Mean global LA periodicity cycle length
was shorter in patients with AF recurrence compared to those without (143 4+ 20 ms vs. 154 + 9 ms, p = 0.02). Among 12
(29%) patients with FS exclusively in the PV, only 1 (8%) had AF recurrence. AF recurrence was significantly higher
(50%, p = 0.01) in 14 (34%) patients with extra-PV FS.

CONCLUSIONS Our novel hierarchical analysis schema, incorporating PiCA and unipolar EGM morphology, detected a
small number of FS in patients with predominantly persistent AF. FS in the PV was associated with successful PV antral
ablation. Further prospective studies are required to determine whether these FS maintain AF and represent ablation
targets. (J Am Coll Cardiol EP 2016;m:m-m) © 2016 by the American College of Cardiology Foundation.

Ithough the initiation of atrial fibrillation
(AF) by ectopic beats, primarily from the pul-
monary veins (PV), has been well described
(1), the mechanisms sustaining AF remain poorly
understood in humans. AF drivers may include focal
sources (FS) (2) or rotor-like activation (3), which
have been shown to maintain AF in experimental
studies. Intraoperative mapping in patients with
persistent AF has identified a few FS in the right

atrium, which exhibit high frequency activity with
centrifugal propagation (4). However, the existence
of FS has not been clearly demonstrated in patients
undergoing catheter ablation. In this clinical arena,
detecting FS is hampered by low spatial resolution
mapping and the inherent inaccuracy of processing
complex electrograms (EGM) using conventional
complex fractionated atrial electrogram (CFAE) anal-
ysis, dominant frequency (DF) analysis, or phase
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ABBREVIATIONS
AND ACRONYMS

AF = atrial fibrillation

CFAE = complex fractionated

atrial electrograms

CL = curve length

DF = dominant frequency

EGM = electrogram
FS = focal source

LA = left atrium

PICA = periodic component

analysis

PV = pulmonary vein

mapping (5-7). These techniques also do not
consider the direction of wave propagation,
which is critical in defining FS.

Based on the assumption that periodic
activation with centrifugal propagation is
inherent to an FS, we propose a novel hier-
archical signal processing approach to iden-
tify FS during AF using periodic component
analysis (PiCA) and the evaluation of QS
unipolar EGM morphology. In this proof-of-
principle study, our objective was to deter-
mine the presence and location of FS during
AF in the left atrium (LA) of patients under-
going pulmonary vein (PV) antral catheter
ablation. We also sought to determine whether the
presence of extra-PV FS, which were not ablated,
were associated with AF recurrence.

METHODS

STUDY POPULATION. Patients undergoing their first
catheter ablation procedure for symptomatic drug
refractory persistent or high-burden paroxysmal AF
were prospectively included. High-burden parox-
ysmal AF was defined as >4 self-terminating episodes
of AF within the last 6 months with 2 episodes lasting
at least 6 h within the last year. Given the long
duration AF episodes in these patients that could
invoke AF drivers, they were felt to be a relevant
study group. Patients were excluded if sinus rhythm
was present at the commencement of mapping. The
study was approved by the University Health
Network Research Ethics Board and all patients pro-
vided written informed research consent.

MAPPING PROTOCOL AND CATHETER ABLATION. Pa-
tients underwent AF ablation after overnight fasting
and all anti-arrhythmic drugs were discontinued for 5
half-lives, with the exception of amiodarone, which
was continued. A variable loop (15 to 25 mm) circular
20-pole mapping catheter (Lasso NAV, Biosense
Webster, Diamond Bar, California) was placed in the
LA through a guide sheath. This catheter was main-
tained at maximum diameter when possible and
maneuvered throughout the LA. After achieving
catheter stability at each location, 10 bipolar electro-
grams (EGMs) (30 to 500 Hz) and 20 unipolar EGMs
(0.05 to 500 Hz) were simultaneously recorded for 2.5
s at 1 kHz.

Following LA mapping, circumferential PV antral
ablation was performed using a 3.5 mm irrigated tip
ablation catheter (Navistar SF, Biosense Webster).
Contiguous lesions (25 to 30 W) were deployed
around the PV antra until the procedural endpoint of
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PV entrance block was achieved. After ablation, those
patients still in AF or atrial tachycardia/flutter were
electrically cardioverted. Patients were maintained
on antiarrhythmic drugs and anticoagulation for 2
months following ablation. Clinical follow-up
included 48-h Holter recordings at 2, 6, and 12
months post-ablation. AF recurrence was defined as
symptomatic AF episodes >30 s after a 2-month
blanking period.

PERIODICITY AND FOCAL SOURCE ANALYSIS. After
ablation, electroanatomic data were analyzed using
custom software written in Matlab (The MathWorks
Inc., Natick, Massachusetts). Data points were
excluded if circular catheter stability was poor or if
far-field ventricular activity was only present. LA and
PV anatomy was reconstructed based on the 3D co-
ordinates of each data point. Total LA surface area
was derived from the anatomic mesh by summating
the area of all triangles comprising the mesh. Among
the remaining data points, hierarchical analysis of
bipolar and unipolar EGMs was performed to identify
FS as outlined in Figure 1. First, bipolar EGMs were
evaluated for periodicity using PiCA which generates
a periodicity strength or cost for a given cycle length
(CL) (Online Appendix) (8,9). Figure 2 illustrates the
cost function derived from PiCA analysis of an AF
bipolar EGM with simulated aperiodic signal
(Figure 2A), simulated periodic signal of CL 125 ms
(Figure 2B), and A+B combined (Figure 2C). PiCA
confirmed the presence of periodicity with CL 125 ms
in Figures 2B and 2C, but not Figure 2A. We evaluated
periodicity within a CL range of 50 to 200 ms and
periodicity was deemed present when the cost func-
tion minimum was less than the mean cost minus 2
standard deviations. The minimum periodicity of 50
ms was chosen to approximate a physiologic atrial
refractory period or atrial blanking period. The
maximum periodicity of 200 ms was considered suf-
ficiently long that FS of clinical relevance would be
captured. Our heuristic cutpoint of mean cost minus
2 standard deviations provided confidence that the
cost function minimum was significant. Periodicity
CL was determined from the cost function minimum
for those bipolar EGMs with periodicity within the
defined CL range.

Second, a histogram plot of all periodicity CLs in
the LA was generated. The most prevalent periodicity
CL was chosen as an indicator of a putative FS. This
dominant periodicity CL was defined as the mode (45
ms) of the periodicity CL histogram. Variability in
periodicity CL in the LA was assessed from the SD of
the same periodicity CL distribution. The location of
periodic sites was displayed on the patient’s LA
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FIGURE 1 Hierarchical Analysis Steps to Define FS
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(A) Focal source (FS) is depicted as a discrete site generating periodic electrical impulses with centrifugal wave propagation. The lower panels
show bipolar and unipolar electrograms (EGMs) recorded from sites A (at FS) and B (remote from FS). At each site, the bipolar EGM has
regular periodic activity. However, the unipolar EGM shows QS morphology at site A and rS morphology at site B. (B) Hierarchical analysis
identifies FS during atrial fibrillation based on dominant periodic activity in the bipolar EGM and unipolar QS morphology. CL = cycle length.

anatomic map and the area of periodicity was derived
from the sum of all nonoverlapping 3 mm interpo-
lated periodic sites.

Third, once dominant periodicity CL was deter-
mined, local activations in the bipolar and unipolar
EGM corresponding to this periodicity were anno-
tated. For this purpose, a graph search method was
used to find the best candidate local activations in the
bipolar EGM (Online Appendix). We have previously
validated this method for detecting bipolar EGM ac-
tivations with predefined periodicity CL contami-
nated by nonperiodic signal (10).

Fourth, all activations defined in the bipolar EGM
were then transposed to the corresponding unipolar
EGM in order to determine unipolar EGM onset and
morphology. FS were identified based on unipolar
EGMs with predominantly QS morphology, defined as

an R/S ratio <0.1 in over 90% of activations.

Anatomically distinct FS (>7 mm apart) were pro-
jected onto the patient’s LA anatomic map in order to
determine their number and location (PV [ostial or
antral] vs. extra-PV) blinded to the patient’s ablation
outcome.

STATISTICAL ANALYSIS. Continuous variables were
assessed for normal distribution using the Shapiro-
Wilk test. Normally distributed data were presented
as mean =+ SD. Data that were not normally distrib-
uted were presented as median and interquartile
range (interquartile range). Comparison between pa-
tient groups was performed using the unpaired ¢ test
or Mann-Whitney U test where appropriate. Pro-
portions were compared using chi-square or Fisher
exact test. Post hoc multiple comparisons were cor-
rected with the Bonferroni adjustment when appro-
priate. Correlation between variables was assessed
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FIGURE 2 PiCA of Simulated Bipolar EGMs
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Representative bipolar EGM recorded during atrial fibrillation (AF) is shown with no periodic signal as confirmed by periodic component analysis
(PiCA). To this EGM, we added either (A) simulated aperiodic signal or (B) simulated periodic signal with CL 125 ms. The PiCA cost function (right)
confirmed the absence of periodicity in A and presence of periodicity with CL 125 ms in B. (C) The bipolar EGMs from A and B were combined, such
that there was no visually apparent periodicity. The PiCA cost function identified periodicity with CL 125 ms. Abbreviations as in Figure 1.

using Pearson or Spearman rank correlation test.
Agreement between periodicity CL assessed by PiCA
versus visual measurement was determined using
correlation and Bland Altman plots with 95% confi-
dence intervals. All tests were 2-sided and a 2-tailed
p < 0.05 was considered statistically significant. Sta-
tistical analysis was performed using SPSS version 20
(IBM, Armonk, New York).

RESULTS

PATIENT CHARACTERISTICS. Forty-one consecutive
patients were enrolled (56 + 9 years of age, 71% male).
AF symptom duration was 5.4 + 4.0 years and the
proportion with high-burden paroxysmal and persis-
tent AF was 24% and 76%, respectively. LA size
measured 43 + 5 mm and LV ejection fraction was
58 + 8%. A modest proportion of patients had AF risk
factors, including hypertension (37%), diabetes (7%),
thyroid disease (12%), obstructive sleep apnea (42%),
and obesity (body mass index >30 kg/m?, 39%). Pa-
tients on amiodarone (n = 12) had similar clinical
characteristics to those taking no antiarrhythmic
drugs at the time of ablation (Online Appendix,
Online Table 1).

VALIDATION OF PERIODICITY CL AND UNIPOLAR
EGM MORPHOLOGY CLASSIFICATION. To evaluate

the accuracy of PiCA-derived periodicity CL, all bi-
polar EGMs with visually apparent stable periodicity
and no fractionation were selected (n = 2,500) as
shown in Figure 3. Periodicity CL was determined
visually using digital calipers, and defined as the
mean of consecutive peak-to-peak activations over
2.5 s. Figure 3C shows high correlation between peri-
odicity CL derived with PiCA versus visual assess-
ment (r = 0.96, p < 0.01). The Bland-Altman plot in
Figure 3D also shows excellent agreement between
the 2 methods (mean error 0.3 + 2.2 ms). Further-
more, PiCA was accurate in detecting simulated
periodicity in CFAE and under low periodic signal-to-
noise conditions (Online Appendix, Online Figure 1).

Once PiCA identified periodicity, our graph search
method annotated local activations in the bipolar
EGM based on their periodicity CL. In Figure 3 for
example, local activations are automatically defined
in the bipolar and unipolar EGM, allowing classifica-
tion of the unipolar EGM as non-QS (Figure 3A) versus
QS (Figure 3B).

PERIODICITY AND FOCAL SOURCE MAPPING. Most
bipolar EGMs (n = 16,120) manifested complex signal
features, and four examples are provided in Figure 4
along with their corresponding periodicity CL and
local activations. In each example, the unipolar EGM
has a dominant QS morphology. Figure 5 illustrates
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FIGURE 3 Validation of Periodity Detection
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Visually apparent periodic bipolar EGMs are shown from 2 different sites in the left atrium. (A) The PiCA cost function of the bipolar EGM has a
local minimum (below red threshold) at a periodicity CL 135 ms. Local activations with the same periodicity CL are annotated in the bipolar
and unipolar EGM using our graph search algorithm (red dotted lines). The unipolar EGMs have RS complexes. (B) The PiCA cost function
has a local minimum at a periodicity CL 169 ms. Local activations are annotated showing QS unipolar EGM morphology. (C) PiCA-derived
periodicity CL was validated against visually derived CL among bipolar EGMs with visually apparent periodic activity (r = 0.96, p < 0.01).
(D) Bland-Altman plot showed excellent agreement (mean error 0.3 + 2.2 ms) between the two. Abbreviations as in Figure 1.

the histogram plot of the periodicity CLs in the LA of
2 patients, which identified a dominant periodicity
CL. FS with dominant periodicity CL and QS unipolar
EGM were defined in the PV (Figure 5A) and extra-PV
(Figure 5C) in these 2 patients. Figure 5B shows
another patient with FS in the left superior PV antrum
where spontaneous AF was initiated by repetitive
high-frequency atrial bursts. These bursts were also
evident during sustained AF when FS mapping was
performed, suggesting that the PV FS was also
maintaining AF.

The yield of each step in our hierarchical analysis is
illustrated in Figures 6A and 6B for all bipolar EGMs and
bipolar EGMs per patient, respectively. LA activation
maps were comprised of 456 + 109 bipolar EGMs per
patient, representing a sampling density of 2.0 + 0.6
bipolar EGM/cm?. Bipolar EGMs demonstrating peri-
odicity were present in all patients, and 60% of the
bipolar EGMs had periodic activity (261 + 15 per pa-
tient). The area of periodicity per patient was 18 + 9%

of the total LA surface and the mean periodicity CL was
150 + 15 ms. Areas of periodicity often clustered in the
LA, defined as >5% of total periodicity area. The
number of periodicity clusters per patient was 2.6 +
1.2, each with an area of 3.1 + 2.4% (as a proportion of
LA area). Periodicity CLs had a single-peak distribution
in 34 (83%) patients, which permitted reliable assess-
ment of dominant periodicity. Among all bipolar EGMs
with dominant periodicity (n = 4,510, 110 + 82 per
patient), only 167 (3.7%) had QS unipolar EGM
morphology, identifying them as FS. Wave propaga-
tion away from each FS was assessed using bipolar
local activation times and unipolar EGM morphology
in adjacent recording electrodes as detailed in the
Online Appendix and Online Figure 2. The reproduc-
ibility of FS detection was evaluated in regions of the
LA sampled more than once (Online Appendix). The
prevalence of multiple periodicities in a given bipolar
EGM and its relationship to the number of FS is also
presented in the Online Appendix.
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Bipolar EGMs without visually apparent periodicity are shown from 4 different sites in the left atrium. In each example, the PiCA cost function
shows a local minimum (below red threshold) that corresponds to the periodicity CL. Each example also shows a unipolar EGM with QS
morphology. ECG = electrocardiogram; other abbreviations as in Figure 1.

PREVALENCE AND SPATIAL DISTRIBUTION OF
FOCAL SOURCES. FS were present in 26 (63%)
patients (4.1 + 3.2 FS per patient) and their clinical
characteristics were similar to those without FS
(Online Table 2). With respect to LA substrate,
patients with FS had longer mean LA periodicity
CL (154 + 10 ms vs. 143 £+ 20 ms, p = 0.03) and
greater area of periodicity (as a proportion of LA area)
(22 + 7% vs. 10 + 8%, p < 0.01) compared to those
without FS. Among patients with FS, the prevalence
of FS was no different between those with high-
burden paroxysmal versus persistent AF (50% vs.
64%, p = 0.47) or those taking amiodarone versus no
amiodarone (58% vs. 70%, p = 0.7).

Sixty-one (36%) FS were located in the PV (1.5 £ 1.5
per patient), as follows: left superior PV 10%, left
inferior PV 5%, right superior PV 10%, right inferior
PV 11%. The remaining 106 (64%) FS were extra-PV
(2.6 + 2.3 per patient), as follows: posterior wall
(23%), roof (15%), septum (10%), anterior wall (8%),
appendage (7%). The spatial distribution of extra-PV

FS is illustrated in Figure 7. There was no difference
in the prevalence of extra-PV FS between those with
high-burden paroxysmal versus persistent AF (2.2 +
2.7 per patient vs. 2.7 & 2.2 per patient, p = 0.5). The
periodicity CL of PV FS was similar to that of extra-PV
FS (170 £ 4 ms vs. 167 &+ 4 ms, p = 0.54). As a measure
of the LA electrical substrate, mean LA periodicity CL
was longer in patients with extra-PV FS compared
to those without any FS (149 & 16 ms vs. 136 + 22 ms,
p = 0.05).

RELATIONSHIP OF FOCAL SOURCES TO CLINICAL
OUTCOMES AFTER ABLATION. Circumferential PV
antral ablation with PV isolation was achieved in all
patients. Ablation time was 58 + 17 min and 5 (12%)
patients converted to sinus rhythm during ablation,
while another 2 (5%) organized to atrial tachycardia/
flutter. Among the 5 patients with AF termination to
sinus rhythm, 3 had FS in the PVs that were being
isolated, while the remaining 2 patients had no FS. In
these 2 patients, the PVs were not yet isolated at the
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FIGURE 5 PV and Extra-PV FS
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(A) In a patient with pulmonary vein (PV) FS, the histogram plot (right) of all periodicity CLs in the left atrium (LA) identifies a dominant
periodicity CL of 158 ms, which corresponds to the mode of the distribution. The LA anatomic map (posteroanterior view, left) shows regions of
periodic bipolar EGMs (red) with a range of periodicity CL according to the histogram. Three FS in the right PV (yellow dots) are also shown,
whose periodicity CLs are all equal to the dominant periodicity CL. Blue dots indicate sampled bipolar EGMs. (B) In another patient with FS
identified in the left superior PV (LSPV), spontaneous atrial fibrillation (AF) is initiated by repetitive high-frequency atrial bursts (arrow) from
the same PV as recorded by a circular catheter (LSPV bipoles 1to 10). Some atrial bursts do not conduct to the coronary sinus (CS bipoles 1to 5).
These bursts were also evident during AF when FS mapping was performed. (C) In another patient with extra-PV FS, the histogram plot (right)
shows a shorter dominant periodicity CL of 130 ms. The LA anatomic map (posteroanterior view, left) shows regions of periodic bipolar EGMs
(red) and 2 FS in the posterior wall (yellow dots). CS = coronary sinus; ECG = electrocardiogram; LIPV = left inferior pulmonary vein; LSPV =
left superior pulmonary vein; RIPV = right inferior pulmonary vein; other abbreviations as in Figure 1.

time of AF termination. After a follow up of 14 £ 9
months, 15 (37%) patients had symptomatic AF re-
currences and their characteristics are presented in
Table 1. Among those with FS exclusively in the
PV (n = 12, 29%), only 1 (8%) had AF recurrence in

follow-up. In the 14 (34%) patients with extra-PV FS,
the rate of AF recurrence was significantly greater
(50%, p = 0.01) (Figure 7C). Patients with no FS
(n = 15, 36%) also had a higher rate of AF recurrence
(47%) compared to those with only PV FS (p = 0.04).

Downloaded from ClinicalKey.com at University Health Network July 07, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.



Gizurarson et al.
Focal Sources in Human AF

FIGURE 6 Hierarchical Analysis of FS
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The prevalence (among all recorded EGMs) and mean distribution (per patient) at each
level of the analysis are shown in A and B, respectively. LA = left atrium; PV = pulmonary
vein; other abbreviations as in Figure 1.

Patients experiencing AF recurrence had evidence
of more structural and electrical remodeling
compared to those remaining in sinus rhythm based
on larger LA diameter (45 + 6 mm vs. 42 + 4 mm, p <
0.05) and shorter mean LA periodicity CL (143 & 20 ms
vs. 154 + 9 ms, p = 0.02) (Figure 7D). However, the
area of periodicity (as a proportion of LA area) did not
differ between patients with and without AF recur-
rence (15 + 11% vs. 19 + 8%, p = 0.18).

DISCUSSION

In this proof of principle study, we defined FS during
AF using a novel signal processing algorithm, which
incorporated a hierarchical evaluation of bipolar EGM
periodicity, dominant periodicity CL, and unipolar
EGM morphology. From high spatial resolution maps,
a small number of FS were identified in the LA of
more than half of patients with predominantly
persistent AF. AF recurrence was significantly lower
after PV antral catheter ablation in those with exclu-
sively PV FS compared to those with extra-PV FS or no
FS. AF recurrence was also associated with shorter
mean LA periodicity CL reflecting more extensive
electrical remodeling.
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Although the presence of focal or rotor-like AF
drivers maintaining AF has been shown in experi-
mental studies involving structurally normal atria
(2,3), their detection has been challenging in patients
undergoing catheter ablation for persistent AF (11).
Owing to complex local EGM morphology and signal
nonstationarity, activation mapping during AF and
conventional time- or frequency-domain analyses,
such as CFAE and DF, may be prone to inaccuracy.
To address these complexities, we first employed
PiCA to evaluate periodicity CL, which identified the
presence of periodic bipolar EGMs with similar
morphology. Then, our graph search algorithm an-
notated local activations of known periodic CL to
furnish classification of unipolar EGM morphology.
Our study highlights the utility of electrogram
morphology analysis in AF, as also demonstrated by
Ng et al. (12), where the presence of highly repetitive
morphology patterns was associated with AF recur-
rence post-ablation. We adopted a conservative defi-
nition of unipolar QS, with an R/S ratio <0.1, to
improve the specificity of discerning centrifugal wave
propagation. Eckstein et al. (13) demonstrated a
similar unipolar EGM morphology with simultaneous
endocardial-epicardial multielectrode LA mapping
during AF in open-chest goats, which provided evi-
dence for midmyocardial FS. However, dominant
unipolar S waves during AF may not necessarily
indicate FS, but may also arise from endocardial-
epicardial breakthrough, and in theory, the station-
ary core of a rotor. These alterative mechanisms
require confirmation with higher resolution pano-
ramic atrial recordings, such as with optical mapping.

Our study also demonstrated a significant rela-
tionship between bipolar EGM periodicity and out-
comes. Patients without FS and those with AF
recurrences post-ablation consistently had lower
mean LA periodicity CL and/or smaller areas of peri-
odicity. Shorter LA appendage CL has also been
associated with a lower likelihood of sinus rhythm
conversion during substrate ablation (14). However,
unlike LA appendage CL, LA periodicity CL is a com-
posite of the entire LA and may therefore provide a
more robust measure of LA electrical modeling.

COMPARISON WITH PREVIOUS STUDIES EVALUATING
FS. Conventional CFAE analysis quantifies bipolar
EGM fractionation in the time domain when CL is
typically <120 ms. However, the specificity of CFAEs
in identifying FS may be poor (15). Indeed, intra-
operative mapping has implicated multiple mecha-
nisms in the genesis of CFAEs, including wave
pivoting, slow conduction and wave collision (5).
Furthermore, the clinical benefit of adjunctive CFAE
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FIGURE 7 Spatial Distribution of Extra-PV FS and PV Antral Ablation Outcomes

RSPV

Mean LA Periodicity CL (msec)

No AF Recurrence

AF Recurrence

Spatial distribution of extra-PV FS in LA are shown in (A) anteroposterior and (B) posteroanterior views. (C) AF recurrence was significantly less
among patients with only PV FS compared to those with extra-PV FS. (D) Among patients without AF recurrence, mean LA periodicity CL was
significantly greater than those with AF recurrence. LAA = left atrial appendage; other abbreviations as in Figures 1 and 5.

ablation in persistent AF has not been shown in
recent randomized trials (16,17). We evaluated peri-
odicity CLs between 50 and 200 ms, and virtually all
bipolar EGMs with periodicity had CL greater than
120 ms. Based on this CL cutpoint, CFAEs did not
colocalize with periodic sites or FS in our patients.
In the case of DF analysis, activation frequency is
evaluated, but EGM morphology and the direction of
wave propagation is not considered. For bipolar EGMs
with alternating potentials, the activation frequency
may be overestimated with DF, but less so with PiCA,
which evaluates periodicity of EGMs having similar
morphology. The DF of highly complex bipolar EGMs
may also be overestimated (i.e., DF >8 Hz) when no
periodicity is detected by PiCA, as evident in 7% of
our bipolar EGMs (Online Appendix, Online Figure 3).
While the presence of DF gradients may imply prop-
agation away from a region of high DF (>8 Hz) (18),
fibrillatory conduction remote from a source can also
produce higher DF in surrounding regions. Therefore,
DF gradients may not be concordant with the direc-
tion of wave propagation, which may affect FS
detection. These issues may contribute to the limited

clinical benefit of adjunctive high-frequency DF
ablation in persistent AF (19).

Recently, phase mapping of multiple unipolar EGMs
recorded from a basket catheter has demonstrated the
existence of FS in patients with persistent AF under-
going catheter ablation (20). However, the accuracy of
this approach may be compromised when non-
sinusoidal complex EGMs are present (21). Although
the evaluation of centrifugal wave propagation is
ideally achieved with simultaneous multielectrode
mapping, conventional 64-electrode basket catheters
may not have sufficient spatial resolution. A more
practical alternative is to consider the QS unipolar
EGM (2) recorded from a single electrode as an indi-
cator of an FS, once periodic activity is detected.
CLINICAL IMPLICATIONS. Although PV isolation re-
mains the cornerstone of paroxysmal AF ablation
when PV ectopic beats represent important triggers,
contemporary ablation targets to modify atrial sub-
strate in persistent AF have not resulted in durable
rhythm control in most patients (22). Increasing the
specificity of substrate ablation by targeting AF
drivers, such as FS, may improve long-term sinus
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TABLE 1 Patient Characteristics and AF Recurrence
Post-Ablation

AF No AF
Recurrence  Recurrence
(n =15) (n =26) p Value

Age, yrs 57 £10 57 £10 0.99
Type of AF 0.72

Paroxysmal AF 3(30) 7 (70)

Persistent AF 12 (39) 19 (61)
AF symptom duration, yrs 6.4 £ 45 51+38 0.36
Hypertension 4 (27) 1 (42) 0.50
Diabetes 1(7) 2(11) 1.00
Thyroid dysfunction 2(13) 3(13) 1.00
Obstructive sleep apnea 5(37) 8 (44) 0.62
BMI, kg/m? 29+6 28+7 0.93
FS Characteristics

Number of FS per patient 1.5+17 1.2+11 0.48

Patients with only PV FS 1(7) 11 (42) 0.01

Patients with extra-PV FS 7 (47) 7 (27) 0.20

Patients without any FS 7 (47) 8 (31) 0.31

FS periodicity CL 163 + 15 162 £ 17 0.84
Structural and electrical

characteristics

LV ejection fraction, % 58 +8 58 +8 0.63

LA size, mm 45+ 6 42+ 4 0.04

Mean LA periodicity CL (ms) 143 + 20 154 + 9 0.02

Mean periodicity area ICESI 19+ 38 0.8

(% of LA surface)

Ablation time (min) 57 £ 20 61+ 23 0.42

Values are mean + SD or n (%). Bold values of p < 0.05 are considered statisti-
cally significant.

AF = atrial fibrillation; BMI = body mass index; CL = cycle length; FS = focal
sources; LA = left atrium; LV = left ventricular; PV = pulmonary vein.

rhythm maintenance. In our study, subjects with FS
only in the PVs had lower rates of AF recurrence
after PV antral ablation than those with extra-PV FS
that were not ablated, or those without FS. It is
therefore possible that FS or other AF sustaining
mechanisms, such as rotors, outside the PV may be
relevant to AF maintenance, and future work is
required to determine the clinical response to abla-
tion of such FS.

STUDY LIMITATIONS. First, the sample size was
modest and included mostly patients with persistent
AF rather than long-lasting persistent AF. Second, FS
evaluation was performed offline after PV antral abla-
tion. The role of FS identified by our algorithm in sus-
taining AF requires prospective study with real-time
FS mapping and ablation, which is the intention of an

JACC: CLINICAL ELECTROPHYSIOLOGY vOL. l, NO. M, 2016
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ongoing randomized control trial. Third, the stability
of FS beyond 2.5 s was not evaluated due to the
recording constraints of the commercial mapping sys-
tem. However, a 2.5-s recording window has been used
toassess CFAE and DF (23); hence a similar window was
applied for PiCA. Although longer sampling times have
theoretical advantages, the stability of the recording
catheter may be compromised. Finally, only high res-
olution mapping of the LA was performed and char-
acterization of FS in the right atrium, coronary sinus,
and the superior caval vein warrants further study.

CONCLUSIONS

A small number of FS can be identified in the LA of
patients with predominantly persistent AF using our
hierarchical analysis schema that includes PiCA,
dominant periodicity CL and unipolar EGM
morphology. Among patients with FS localized in the
PV only, their rates of AF recurrence were lower post-
PV antral ablation when compared to those with
extra-PV FS or those with no FS. Although our algo-
rithm provides a conceptual framework for identi-
fying putative FS during AF, further prospective
studies are needed to determine if these FS are rele-
vant to sustaining AF and whether real-time FS
ablation improves outcomes over PV antral ablation
in patients with persistent AF.

REPRINT REQUESTS AND CORRESPONDENCE: Dr.
Vijay S. Chauhan, Peter Munk Cardiac Center, Uni-
versity Health Network, 150 Gerrard Street West,
Toronto, Ontario M5G 2C4, Canada. E-mail: vijay.
chauhan@uhn.on.ca.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Hier-
archical analysis of bipolar and unipolar EGMs can
provide a conceptual framework for identifying puta-
tive FS during AF.

TRANSLATIONAL OUTLOOK: Real-time mapping
and ablation of FS identified by our algorithm requires
further study to determine whether this strategy im-
proves PV antral ablation outcomes in patients with
persistent AF.

REFERENCES

1. Haissaguerre M, Jais P, Shah DC, et al. Sponta-
neous initiation of atrial fibrillation by ectopic

beats originating in the pulmonary veins. New
Engl J Med 1998;339:659-66.

2. Lee S, Sahadevan J, Khrestian CM, Durand DM,
Waldo AL. High density mapping of atrial

Downloaded from ClinicalKey.com at University Health Network July 07, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.


mailto:vijay.chauhan@uhn.on.ca
mailto:vijay.chauhan@uhn.on.ca
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref1
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref1
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref1
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref1
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref2
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref2

JACC: CLINICAL ELECTROPHYSIOLOGY voL. W, NO. W, 2016

W, 2016:H-N

fibrillation during vagal nerve stimulation in the
canine heart: restudying the Moe hypothesis.
J Cardiovasc Electrophysiol 2013;24:328-35.

3. Pandit SV, Jalife J. Rotors and the dynamics of
cardiac fibrillation. Circ Res 2013;112:849-62.

4. Sahadevan J, Ryu K, Peltz L, et al. Epicardial
mapping of chronic atrial fibrillation in patients.
Circ 2004;110:3293-9.

5. de Bakker JM, Wittkampf FH. The pathophysi-
ologic basis of fractionated and complex electro-
grams and the impact of recording techniques on
their detection and interpretation. Circ Arrhythm
Electrophysiol 2010;3:204-13.

6. Fischer G, Stuhlinger M, Nowak CN, Wieser L,
Tilg B, Hintringer F. On computing dominant fre-
quency from bipolar intracardiac electrograms.
IEEE Trans Biomed Eng 2007;54:165-9.

7. Narayan SM, Krummen DE, Rappel WJ. Clinical
mapping approach to diagnose electrical rotors and
focal impulse sources for human atrial fibrillation.
J Cardiovasc Electrophysiol 2012;23:447-54.

8. Sameni R, Jutten C, Shamsollahi MB. Multi-
channel electrocardiogram decomposition using
periodic component analysis. IEEE Transactions
Biomed Eng 2008;55:1935-40.

9. Saul K, Allen JB. Periodic component analysis:
an eigenvalue method for representing periodic
structure in speech. NIPS 2000:807-13.

10. Dalvi R, Suszko A, Chauhan VS. Graph search-
based detection of periodic activations in com-
plex periodic signals. Application in atrial fibrilla-
tion electrograms. IEEE Can Conf Electrical Comp
Eng 2015:376-81.

11. Ghoraani B, Dalvi R, Gizurarson S, et al.
Localized rotational activation in the left atrium

during human atrial fibrillation: relationship to
complex fractionated atrial electrograms and low-
voltage zones. Heart Rhythm 2013;10:1830-8.

12. Ng J, Gordon D, Passman R, Knight B, Arora R,
Goldberger J. Electrogram morphology recurrence
patterns during atrial fibrillation. Heart Rhythm
2014;11:2027-34.

13. Eckstein J, Zeemering S, Linz D, et al. Trans-
mural conduction is the predominant mechanism
of breakthrough during atrial fibrillation: evidence
from simulataneous endo-epicardial high-density
activation mapping. Circ Arrhythm Electrophysiol
2013;6:334-41.

14. O'Neill M, Jais P, Takahashi Y, et al. The
stepwise ablation approach for chronic atrial
fibrillation-evidence for a cumulative effect.
J Interv Card Electrophysiol 2006;16:153-67.

15. Narayan SM, Wright M, Derval N, et al. Clas-
sifying fractionated electrograms in human atrial
fibrillation using monophasic action potentials and
activation mapping: evidence of localized drivers,
rate acceleration, and nonlocal signal etiologies.
Heart Rhythm 2011;8:244-53.

16. Verma A, Jiang CY, Betts TR, et al. Approaches
to catheter ablation for persistent atrial fibrilla-
tion. New Engl J Med 2015;372:1812-22.

17. Dixit S, Marchlinski FE, Lin D, et al. Random-
ized ablation strategies for the treatment of
persistent atrial fibrillation: RASTA study. Circ
Arrythmia Electrophysiol 2012;5:287-94.

18. Lazar S, Dixit S, Marchlinski F, Callans DJ,
Gerstenfeld EP. Presence of left-to-right atrial
frequency gradient in paroxysmal but not persis-
tent atrial fibrillation in humans. Circ 2004;110:
3181-6.

Gizurarson et al.
Focal Sources in Human AF

19. Atienza F, Almendral J, Ormaetxe JM, et al.
Comparison of radiofrequency catheter ablation of
drivers and circumferential pulmonary vein isola-
tion in atrial fibrillation. J Am Coll Cardiol 2014;
64:2455-67.

20. Narayan SM, Krummen DE, Shivkumar K,
Clopton P, Rappel WJ, Miller JM. Treatment of
atrial fibrillation by the ablation of localized
sources: CONFIRM (Conventional Ablation for
Atrial Fibrillation With or Without Focal Impulse
and Rotor Modulation) trial. J Am Coll Cardiol
2012;60:628-36.

21. Umapathy K, Nair K, Masse S, et al. Phase
mapping in cardiac fibrillation. Circ Arrhythm
Electrophysiol 2010;3:105-14.

22. Brooks AG, Stiles MK, Laborderie J, et al.
Outcomes of long-standing persistent atrial
fibrillation ablation: a systematic review. Heart
Rhythm 2010;7:835-46.

23, Stiles MK, Brooks AG, John B, et al. The effect
of electrogram duration on quantification of
complex fractionated atrial electrograms and
dominant frequency. J Cardiovasc Electrophysiol
2008;19:252-8.

KEY WORDS atrial fibrillation, catheter
ablation, electrogram, periodicity, signal
analysis

APPENDIX For expanded Methods and Re-
sults sections as well as supplemental tables
and figures, please see the online version of this
article.

Downloaded from ClinicalKey.com at University Health Network July 07, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

1


http://refhub.elsevier.com/S2405-500X(16)30006-8/sref2
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref2
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref2
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref3
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref3
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref4
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref4
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref4
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref5
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref5
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref5
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref5
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref5
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref6
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref6
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref6
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref6
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref7
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref7
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref7
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref7
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref8
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref8
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref8
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref8
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref9
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref9
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref9
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref10
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref10
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref10
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref10
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref10
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref11
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref11
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref11
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref11
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref11
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref12
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref12
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref12
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref12
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref13
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref13
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref13
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref13
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref13
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref13
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref14
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref14
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref14
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref14
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref15
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref15
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref15
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref15
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref15
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref15
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref16
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref16
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref16
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref17
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref17
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref17
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref17
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref18
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref18
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref18
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref18
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref18
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref19
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref19
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref19
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref19
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref19
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref20
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref20
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref20
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref20
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref20
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref20
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref20
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref21
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref21
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref21
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref22
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref22
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref22
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref22
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref23
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref23
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref23
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref23
http://refhub.elsevier.com/S2405-500X(16)30006-8/sref23

	Hierarchical Schema for Identifying Focal Electrical Sources During Human Atrial Fibrillation
	Methods
	Study Population
	Mapping Protocol and Catheter Ablation
	Periodicity and Focal Source Analysis
	Statistical Analysis

	Results
	Patient Characteristics
	Validation of Periodicity CL and Unipolar EGM Morphology Classification
	Periodicity and Focal Source Mapping
	Prevalence and Spatial Distribution of Focal Sources
	Relationship of Focal Sources to Clinical Outcomes After Ablation

	Discussion
	Comparison With Previous Studies Evaluating FS
	Clinical Implications
	Study Limitations

	Conclusions
	References


