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BACKGROUND Intraoperative mapping has demonstrated focal
activations during human atrial fibrillation (AF). These putative
AF sources can manifest sustained periodic bipolar and unipolar
QS electrograms (EGMs). We have automated the detection of these
EGM features using our validated Focal Source and Trigger (FaST)
computational algorithm.

OBJECTIVE The purpose of this study was to conduct a randomized
controlled pilot evaluating the feasibility and efficacy of FaST map-
ping/ablation as an adjunct to pulmonary vein isolation (PVI) in
reducing AF recurrence.

METHODS We randomized 80 patients with high-burden parox-
ysmal or persistent AF (age 61 6 10 years; 75% male) to PVI alone
(n 5 41) or PVI1FaST mapping/ablation (n 5 39). The primary
endpoint was time to AF recurrence .30 seconds between 3 and
12 months after 1 procedure.

RESULTS FaST sites were identified in all but 1 patient and were
localized to pulmonary vein (PV) (2.1 6 1.1 per patient) and
extra-PV regions (2.8 6 1.4 per patient). FaST mapping and
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ablation times were 27 6 9 minutes and 8.5 6 5 minutes, respec-
tively. Patients with AF termination during ablation had greater AF
cycle length prolongation with PVI1FaST than PVI (D206 14 ms vs
D5 6 17 ms; P 5 .046). Freedom from AF recurrence at 12 months
was higher in PVI1FaST vs PVI for patients off antiarrhythmic drugs
(74% vs 51%; hazard ratio 0.48; 95% confidence interval 0.21–
1.08; P5 .064) but did not quite reach statistical significance. Ma-
jor adverse events were similar between the 2 groups.

CONCLUSION In this randomized controlled pilot, real-time FaST
mapping provided an intuitive, automated approach for localizing
focal AF sources. FaST ablation as an adjunct to PVI may reduce
AF recurrence, which requires verification with a larger multicenter
trial.

KEYWORDS Atrial fibrillation; Catheter ablation; Focal sources; Pul-
monary veins; Signal processing
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Introduction
Focal sources have been shown to drive atrial fibrillation (AF)
in animals with structurally normal atria,1 but their role in sus-
taining human AF is less clear. Targeting focal AF sources
may improve AF ablation outcomes. However, their identifi-
cation remains challenging because of nonstationary, complex
AF signal features and the low spatiotemporal resolution of
catheter-based mapping approaches,2 which has yielded
inconsistent findings using a variety of analytical techniques.
In contrast to catheter-based mapping, Lee et al3 performed
high-resolution, intraoperative biatrial activation mapping
and demonstrated focal activations during human AF. At their
epicenter, bipolar electrograms (EGMs) appeared periodic and
manifested a unipolar QS EGM morphology.3 Using retro-
spective analysis of similar EGM features, we reported focal
activations in patientswith high-burden paroxysmal/persistent
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Figure 1 A:Outline of FaST hierarchical analysis. B: Example of FaST with discrete periodic bipolar EGMs (top) and complex periodic bipolar EGMs (mid-
dle). Example of no FaST where near-periodic activations are not associated with sustained unipolar QS (bottom). The periodicity CL is indicated to the right of
each example, which is based on the spectral peak above threshold (red line). Bi5 bipolar electrogram; CL5 cycle length; ECG5 electrocardiogram; EGM5
electrogram; FaST 5 Focal Source and Trigger; Uni 5 unipolar electrogram.
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AF undergoing pulmonary vein isolation (PVI) ablation.4,5

When these focal activations were present exclusively in the
pulmonary veins (PVs), patients had reduced AF recurrence
after PVI compared to thosewith extra-PV focal activations.4,5

Further to this report, we have developed a real-time
computational algorithm, referred to as Focal Source and
Trigger (FaST) mapping, which automatically evaluates the
presence of sustained bipolar EGM periodicity and unipolar
QS morphology in periodic activations. We hypothesized
that catheter ablation of FaST sites would decrease the num-
ber of focal sources and triggers potentially sustaining and
initiating AF, thereby together reducing AF recurrence. Our
objective was to evaluate the feasibility of real-time FaST
mapping using long-duration EGM recordings to define
FaST sites and their spatiotemporal stability. We also sought
to determine the efficacy of FaST site ablation, as an adjunct
to PVI, in reducing AF recurrence among patients with high-
burden paroxysmal/persistent AF, in whom both AF sources
and triggers may be arrhythmogenic.
Methods
Study design and population
In this single-center, randomized controlled pilot trial,
consecutive patients were randomized in a 1:1
single-blinded fashion to either PVI alone, or PVI and
FaST ablation (PVI1FaST). Patients were included if they
were undergoing first-time ablation for high-burden parox-
ysmal AF (ie, .4 self-terminating episodes of AF within
the last 6 months with 2 episodes lasting .6 hours within
the last year)6 or persistent AF (ie, lasting .7 days and still
responsive to cardioversion), and had failure of, or intoler-
ance to,�1 antiarrhythmic drug, including b-blockers. Major
exclusion criteria were long-standing persistent AF and left
atrial (LA) diameter .55 mm. All patients provided written
informed consent, and the study was approved by the
research ethics board of University Health Network.
FaST mapping
Preprocedural details are provided in the Supplemental
Methods. In both patient arms, FaST mapping was per-
formed during either spontaneous or induced AF using
burst atrial pacing at a cycle length (CL) of 200–300 ms
and Isuprel 0.5–3 mg/min, as needed. After 5 minutes of
sustained AF, the LA was mapped using a roving 20-
pole, variable curve, circular catheter (LassoNav, Biosense
Webster Inc, Diamond Bar, CA). Adequate catheter–tissue
contact was ensured using firm contact force and cardiac
computed tomographic imaging of the LA. After catheter
stability was achieved, 10 bipolar (bandwidth 30–400
Hz) and 20-unipolar (bandwidth 0.05–400 Hz) EGMs



Table 1 Patient demographics

All patients (N 5 80) PVI (n 5 41) PVI1FaST (n 5 39)

Age (y) 61 6 10 62 6 9 60 6 10
Male 60 (75) 32 (78) 28 (72)
BMI (kg/m2) 29.4 6 5.2 29.6 6 4.4 29.2 6 6.0
LVEF (%) 59 6 8 58 6 8 59 6 8
LA dimensions
LA diameter (mm) 42 6 7 41 6 7 42 6 7
LA volume (mL) 90 6 34 89 6 38 90 6 30
LA volume index (mL/m2) 43 6 16 43 6 17 44 6 14

AF characteristics
High-burden paroxysmal 42 (52) 21 (51) 21 (54)
Persistent 38 (48) 20 (49) 18 (46)
Duration of AF (y) 5.6 6 5.0 4.8 6 5.0 6.6 6 5.0
LA appendage CL (ms) 188 6 29 186 6 29 189 6 30

Comorbidities
Diabetes 4 (5) 2 (5) 2 (5)
Hypertension 38 (47) 23 (56) 15 (38)
Sleep apnea 26 (32) 14 (34) 12 (31)
Obesity (BMI .30 kg/m2) 30 (37) 13 (32) 17 (44)
Coronary artery disease 2 (2) 1 (2) 1 (3)
Cerebrovascular accident 2 (2) 0 2 (5)
Hyperlipidemia 8 (10) 2 (5) 6 (15)
Valvular heart disease 6 (7) 3 (7) 3 (8)
Thyroid dysfunction 3 (4) 1 (2) 2 (5)
Renal dysfunction (eGFR ,50 mL/min/1.72 m2) 0 0 0

Current antiarrhythmic drugs
Flecainide or propafenone 29 (36) 16 (39) 13 (33)
Sotalol 6 (8) 5 (12) 1 (3)
Amiodarone 23 (29) 8 (20) 15 (38)
b-blocker 38 (48) 16 (39) 22 (56)
Calcium channel blocker 15 (19) 9 (22) 6 (15)
No. of failed AADs 1.7 6 0.9 1.7 6 1.0 1.6 6 0.9

Values are given as mean 6 SD or n (%).
AAD 5 antiarrhythmic drug; AF 5 atrial fibrillation; BMI 5 body mass index; CL 5 cycle length; eGFR 5 estimated glomerular filtration rate; FaST 5 Focal

Source and Trigger; LA 5 left atrium; LVEF 5 left ventricular ejection fraction; PVI 5 pulmonary vein isolation.
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were simultaneously acquired for 5 seconds at a sampling
rate of 1000 Hz. The unipolar EGMs were referenced to a
quadripolar catheter in the inferior vena cava. EGMs were
streamed to a proprietary computer workstation for
real-time FaST analysis. After mapping, the anatomic
coordinates of each electrode were exported from the elec-
troanatomic workstation (CARTO3, Biosense Webster
Inc) and paired with FaST analysis to provide the location
of FaST sites in the LA. AF CL in the LA appendage and
coronary sinus (CS) was evaluated from the average CL of
10 consecutive bipolar EGM recordings.
Real-time FaST analysis
Using custom software written in MATLAB (MathWorks,
Natick, MA), FaST analysis was performed as previously
described4,5,7 and is outlined in Figure 1A. In brief, the al-
gorithm uses a hierarchical analysis of bipolar and unipolar
EGMs to identify periodic focal activations. First, bipolar
EGMs with periodicity are identified using fast Fourier
transformation–based spectral analysis of each preprocessed
5-second signal and the presence of a spectral peak .10%
of the total spectral power. Second, the dominant period-
icity CL in the range from 100 to 250 ms is determined
from this spectral peak. All individual activations during
the 5-second bipolar EGM recording that have the same
dominant periodicity CL are then annotated using a propri-
etary graph-search function.7 Third, the periodic annota-
tions on the bipolar EGM are transposed to the
corresponding unipolar EGM to define unipolar onset,
thereby allowing unipolar morphology features to be as-
sessed semi-quantitatively. A FaST site was defined as a
unipolar QS or R/S ratio ,0.1 for .90% of the periodic ac-
tivations in the 5-second window. Figure 1B illustrates ex-
amples of FaST sites with varying bipolar EGM
complexity. FaST sites located .5 mm from the LA
anatomic shell were excluded to minimize far-field signal.
FaST sites were classified as either PV ostial/antral or
extra-PV, and they were grouped as one if within 7 mm
of each other.4 Long-duration FaST sites were defined as
�3 FaST sites acquired from separate circular catheter re-
cordings that were within 7 mm of each other (ie, cumula-
tive duration �15 seconds).
PVI and FaST ablation
In all patients, catheter ablation was performed after FaST
mapping using a saline-irrigated contact force-sensing cath-
eter (Smart-Touch SF, Biosense Webster), as detailed
in the Supplemental Methods. In a random sample of 5



Figure 2 Enrollment and randomization flowchart of study patients. FaST 5 Focal Source and Trigger; PVI 5 pulmonary vein isolation.
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PVI1FaST patients who remained in AF after ablation was
completed, FaST remapping was performed in the LA during
AF before electrical cardioversion to determine whether any
FAST sites remained or new FaST sites developed.
Postablation care and follow-up
After ablation, antiarrhythmic drugs were resumed for 3
months and then discontinued. Oral anticoagulation therapy
was also resumed for 3 months and then continued further
in patients with CHA2DS2 score �1. Patients were followed
prospectively for 12 months, and AF recurrence was assessed
from 48-hour Holter and ECG recordings every 3 months, or
sooner if patients experienced symptoms suggesting
arrhythmia recurrence. Repeat PVI ablation was performed
after 3 months for AF recurrence at the discretion of the
physician. The primary endpoint was time to AF recurrence
.30 seconds on and off antiarrhythmic drugs between
3- and 12-month follow-up after 1 procedure. The secondary
endpoint also included time to atrial tachycardia or flutter
.30 seconds. All atrial arrhythmia episodes were adjudi-
cated blinded to the study assignment.
Statistical analysis
Continuous variables are reported as mean 6 SD unless
otherwise stated. Continuous variables were compared be-
tween groups using the Student t test or Mann-Whitney U
test where appropriate. Categorical variables were compared
using the Fisher exact test. Correlation was assessed using the
Pearson correlation coefficient. Time-to-event outcomes
were displayed by the Kaplan–Meier method, and the rates
of AF recurrence starting 3 months after the intervention
were compared between PVI1FaST and PVI using Cox pro-
portional hazards models with censoring at 12 months from
the time of the procedure. The sample size calculation is pro-
vided in the Supplemental Methods. All analyses were inten-
tion to treat, and a 2-tailed P,.05 was considered significant.
Statistical analysis was performed using SPSS Version 20
(IBM, Armonk, NY).
Results
Patient characteristics
Table 1 summarizes the patient characteristics for the 80 pa-
tients randomized to PVI (n 5 41) or PVI1FaST (n 5 39)
who were enrolled between July 2015 and December 2017.
Mean LA volume index was 436 16 mL/m2, and 48% of pa-
tients had persistent AF. Randomization resulted in
good balance in baseline characteristics between PVI and
PVI1FaST. Figure 2 outlines the patient flow through the
study.
FaST characteristics
FaST mapping was completed during AF in 78 patients
(98%), and the LAmaps included 3406 60 points per patient
after exclusion of points .5 mm from the endocardial sur-
face. FaST mapping was performed during spontaneous AF
in 36 patients (45%), while the remaining had induced



Table 2 Characteristics of FaST sites

All patients
(N 5 78)

PVI
(n 5 40)

PVI1FaST
(n 5 38)

P
value

Patients with
FaST mapping
Spontaneous AF 36 (46) 21 (53) 15 (39) .266
Induced AF 42 (54) 19 (47) 23 (61)
Isuprel for
AF induction

16 (21) 7 (18) 9 (24) .580

Isuprel dose
(mg/min)

1.1 6 0.7 1.3 6 0.8 0.9 6 0.5 .384

No. of LA
mapping points

340 6 60 347 6 69 330 6 53 .231

No. of periodic
points

162 6 61 169 6 62 158 6 59 .337

Patients with
�1 FaST site
Any sites 77 (99) 40 (100) 37 (97) .487
PV 71 (91) 36 (90) 35 (92) 1
Extra-PV 73 (94) 38 (95) 35 (92) .671

FaST sites per patient
All sites 4.9 6 1.9 4.9 6 1.7 4.8 6 2.0 .800
PV 2.1 6 1.1 2.2 6 1.2 2.1 6 1.1 .638
Extra-PV 2.8 6 1.4 2.8 6 1.4 2.8 6 1.5 .968

Long-duration FaST
sites per patient
PV 0.9 6 1.0 0.9 6 0.9 1.0 6 1.1 .446
Extra-PV 1.2 6 0.9 1.1 6 0.7 1.2 6 1.0 .672

Values are given as n (%) or mean 6 SD unless otherwise indicated.
PV 5 pulmonary vein; other abbreviations as in Table 1.
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AF (Table 2). FaST mapping times were similar between
PVI1FaST and PVI (26.8 6 9.5 minutes vs 24.8 6 5.4
minutes; P 5 .26).

All but 1 patient manifested at least 1 FaST site in the LA.
The number of patients with FaST sites in the PV and extra-
PV regions was 71 (91%) and 73 (94%), respectively. The
number of FaST sites in the PV and extra-PV regions was
2.1 6 1.1 and 2.8 6 1.4 per patient, respectively, whereas
the number of long-duration FaST sites in the PV and
extra-PV regions was lower at 0.9 6 1.0 and 1.2 6 0.9,
respectively (Table 2). PV and extra-PV FaST sites are illus-
trated for 2 patients in Figures 3 and 4, respectively. The loca-
tion of FaST sites and their periodicity CL are shown in
Supplemental Table S1. The left-sided PV FaST sites had
the shortest periodicity CL in the LA at 160 6 20 ms. The
most common extra-PV FaST site was located at the LA
appendage base (75%), where the periodicity CL was
175 6 28 ms. The periodicity CL of extra-PV FaST sites
ranged from 165 6 23 ms on the anterior wall to 181 6 30
ms on the inferior wall. LA mapping and FaST site character-
istics were similar in PVI and PVI1FaST (Table 2).

Ablation characteristics and AF termination
PVI was performed in all 80 patients, but 3 PVI and 3
PVI1FaST patients had incomplete PVI. PVI ablation time
was similar between PVI1FaST and PVI (63 6 18 minutes
vs 696 23 minutes; P5 .22). During PVI in all patients, AF
terminated to sinus rhythm in 22 patients (28%), and the con-
version rate was similar between PVI alone and the PVI
portion of PVI1FaST (29% vs 26%; P 5 .804). Patients
with FaST mapping (n578) and AF termination (n5 22) af-
ter PVI or the PVI portion of PVI1FaST ablation had a
similar number of PV FaST sites as those without AF termi-
nation (2.26 1.1 vs 2.16 1.2; P5 .744). However, the num-
ber of extra-PV FaST sites was fewer in these patients with
AF termination post PVI compared to those without (2.2 6
1.3 vs 3.06 1.4; P5 .034), suggesting that AF maintenance
after PVI may be dependent on a greater number of extra-PV
FaST sites. Supplemental Figure S1 illustrates 1 patient with
a FaST site deep in the right inferior PV. Upon completion of
right PVI, the AF terminated to sinus rhythm, but a regular
PV tachycardia continued in the right inferior PV potentially
driven by the FaST site.

Among the 39 PVI1FaST patients, extra-PV FaST ablation
was incomplete in 3 patients. In the remaining 36 patients,
extra-PV FaST ablation covered an area of 8.5 6 4.8 mm2

and was performed in 8.5 6 5.1 minutes. The total procedure
time, includingmapping and ablation,was longer byanaverage
of 15 minutes for PVI1FaST compared to PVI (2826 35 mi-
nutes vs 2676 39 minutes; P5 .075). Among the 29 PVI1-
FaST patients (74%) who remained in AF after PVI was
performed, AF terminated to sinus rhythm in 2 patients during
extra-PV FaST ablation, 1 at the base of the LA appendage and
the other on the anterior wall (Supplemental Figure S2).
Relationship of AF CL, FaST periodicity CL, and AF
termination with ablation
In order to characterize the acute effect of FaST ablation, AF
CL was measured from the CS preablation and postablation
before the last radiofrequency application that terminated
AF. Preablation, there was no difference in AF CL between
PVI vs PVI1FaST (192 6 28 ms vs 203 6 40 ms;
P 5 .240). Among patients with AF termination during
ablation, AF CL prolonged in both PVI (216 6 28 ms) and
PVI1FaST (2356 55 ms), but the prolongation was greater
in PVI1FaST than PVI (20 6 14 ms vs 5 6 17 ms; P 5
.0461) (Figure 5). Among patients without AF termination
during ablation, AF CL did not change in both PVI (190 6
28 ms) and PVI1FaST (203 6 38 ms). Furthermore, the
change in AF CL was similar between PVI and PVI1FaST
(86 16 vs 86 18 ms: P5 .739) (Figure 5). Further analysis
of AF CL and FaST periodicity CL among patients with and
without AF termination during ablation is provided in the
Supplemental Results.
FaST remapping
In a subset of 5 PVI1FaST patients who remained in AF after
isolation of all PVs and completion of extra-PV FaST abla-
tion, FaST remapping during AF was performed. Details
are provided in the Supplemental Results and Supplemental
Figures S3 and S4.
Arrhythmic outcomes
One-year prospective follow-up was completed in 78 pa-
tients (98%). At this time, 90% of PVI patients and 88% of



Figure 3 PV FaST sites in 2 patients. Top: LA periodicity CL maps. Red tags indicate FaST sites. Blue tag highlights the FaST site with EGMs shown in the
panel below. A: FaST mapping during spontaneous AF in a patient with persistent AF revealed a left common PV FaST site (periodicity CL 125 ms) (top). A
periodicity CL gradient with longer CL is present around the PV FaST site.Middle:EGMs of the FaST site.Bottom:After FaSTmapping but before ablation, the
AF spontaneously terminated and then repetitive AF salvos were triggered by premature atrial contractions from the same FaST site (arrow). The AF CL of these
salvos was 125 ms, similar to the periodicity CL of the FaST site during sustained AF. B: FaST mapping during spontaneous AF in patient with persistent AF
revealed FaST sites in all 4 PVs with periodicity CLs shorter than the rest of the LA (top).Middle, bottom: EGMs of the FaST site in the left superior PV and right
superior PV are shown. AF 5 atrial fibrillation; CS 5 coronary sinus; LA 5 left atrium; LS 5 left superior; PV 5 pulmonary vein; other abbreviations as in
Figure 1.
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PVI1FAST patients were off antiarrhythmic drugs. Event-
free survival for the primary endpoint after 1 procedure for
all patients is shown in Figure 6A and for those off antiar-
rhythmic drugs in Figure 6B. Freedom from AF recurrence
was higher in PVI1FaST vs PVI for all patients (72% vs
51%; hazard ratio [HR] 0.52; 95% confidence interval [CI]
0.25–1.10; P 5 .077) and for those off antiarrhythmic drugs
(74% vs 51%; HR 0.48; 95%CI 0.21–1.08; P5 .064) but did
not quite reach statistical significance. Event-free survival for
the secondary endpoint after 1 procedure for all patients is
shown in Figure 6C and for those off antiarrhythmic drugs
in Figure 6D. Freedom from atrial arrhythmia recurrence
for all PVI1FaST and PVI patients was 61% and 46%,
respectively (HR 0.61; 95% CI 0.32–1.19; P 5 .139),
whereas for those off antiarrhythmic drugs it was 65% and
46%, respectively (HR 0.54; 95% CI 0.26–1.11; P 5 .086).
During 12-month follow-up, the prevalence of atrial flutter
or tachycardia for PVI1FaST and PVI was 10% and 2.4%,
respectively (P 5 .195).
Repeat PVI ablation
Repeat PVI ablation was performed in 19 patients (24%) (7
PVI1FaST; 12 PVI) 14.7 6 6.9 months after the index pro-
cedure due to AF recurrence. Electrical reconnection in �1
PV was demonstrated in 15 of these patients (79%), and all
reconnected PVs manifested FaST sites at the index ablation.
Further details are provided in the Supplemental Results and
Supplemental Figures S4 and S5.
Adverse events
Major adverse events related to the first ablation procedure
occurred in 3 PVI1FaST patients (7.6%) and 1 PVI patient
(2.4%) (P 5 .353). There were no complications related to



Figure 4 Extra-PV FaST sites in 2 patients. A: FaST mapping during spontaneous AF in patient with persistent AF revealed FaST site on the LA roof (peri-
odicity CL 163ms) (top).Middle: EGMs of the FaST site in the LA roof.Bottom: The adjacent site is also periodic with similar periodicity CL of 160ms, but not
a FaST site due to nonsustained periodicity and RS unipolar EGMs. B: FaST mapping during spontaneous AF in patient with persistent AF revealed FaST site on
the LA lateral wall (periodicity CL 131 ms) (top).Middle: EGMs of the FaST site on the LA lateral wall. Bottom: The adjacent site is also periodic with similar
periodicity CL of 131 ms, but not a FaST site due to the transient RS unipolar EGMs. Abbreviations as in Figures 1 and 3.
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FaST mapping or extra-PV FaST ablation. Further details are
provided in the Supplemental Results.
Discussion
Our FaST computational algorithm represents a novel, hier-
archical schema to identify sustained periodic bipolar and
Figure 5 Prolongation in AF CLwith PVI vs PVI1FaST in relation to AF
termination. AF CL was measured from the coronary sinus preablation and
postablation. Abbreviations as in previous figures.
unipolar QS EGMs during AF, which are features of putative
focal sources. In this randomized controlled pilot, we demon-
strated that automated, real-time FaST mapping is feasible
and only a few FaST sites are identified, half of which
demonstrated spatiotemporal stability. PVI1FaST ablation
decreased AF recurrence compared to PVI alone in patients
with high-burden paroxysmal/persistent AF, but this did
not quite reach statistical significance.

Defining focal sources during AF to improve AF ablation
outcomes remains challenging due to complex, nonstationary
local EGMs and the low spatiotemporal resolution of clinical
mapping.2 Under these conditions, traditional activation
mapping and even phase mapping can be unreliable,8 which
may account for reporting discrepancies. A unique aspect of
FaST analysis is the graph search function, which annotates
individual periodic, bipolar EGMs once the periodicity CL
is known.7 Based on these annotations, the unipolar
morphology can be classified without the need to remove
far-field ventricular EGMs. As such, nonperiodic, complex
EGMs are excluded from analysis, which improves reliability
and allows visual verification.

The majority of patients had at least 1 PV and extra-PV
FaST site, and half of these sites demonstrated temporal
stability �15 seconds in spatially conserved regions. FaST



Figure 6 Kaplan–Meier survival curves for the primary endpoint of AF recurrence in all patients (A) and those off AADs (B). Kaplan–Meier survival curves for
secondary endpoint of atrial arrhythmia recurrence in all patients (C) and those off AADs (D). AAD 5 antiarrhythmic drug; AFl 5 atrial flutter; AT 5 atrial
tachycardia; HR 5 hazard ratio; other abbreviations as in previous figures.
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periodicity CL was typically shorter in the PVs than in the
extra-PV regions, suggesting that PV focal sources represent
a prevalent AF sustaining mechanism. In patients with �1
FaST site with different periodicity CL, entrance block
around the slower FaST sites may have prevented overdrive
(ie, parasystole).

In addition to the aforementioned signal features of FaST
sites, their ablation and arrhythmia outcomes provided
further support for AF source activity. Foremost, freedom
from AF recurrence was trending higher in PVI1FaST
compared to PVI alone. Second, among patients with AF
recurrence who underwent redo PVI, all patients with PV
electrical reconnection harbored PV FaST sites at their index
ablation. In those patients with no PV reconnection at redo
PVI, unablated or incompletely ablated extra-PV FaST
(based on FaST remapping) was associated with AF recur-
rence. Third, the periodicity CL of FaST sites influenced
AF CL and AF termination during ablation. Patients with
AF termination had greater AF CL prolongation with PVI1-
FaST ablation than PVI alone.9 Finally, based on the posta-
blation FaST remap, PVI1FaST ablation reduced the LA
surface area with organized periodic activity and prolonged
AF CL, which would be anticipated if our FaST sites were
driving AF.

Despite these features of AF source activity, extra-PV
FaST ablation did not result in acute AF termination in the
majority of patients. However, AF termination after PVI
was seen in 25% of all patients, and this was associated
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with fewer extra-PV FaST sites. These findings suggest that a
critical number of FaST sites may be necessary to sustain AF
after PVIs, but why extra-PV FaST ablation did not consis-
tently terminate AF is unclear. A plausible hypothesis is
that mechanisms independent of localized, stationary sour-
ces, such as epicardial–endocardial asynchrony10 or
meandering rotorlike sources.11 continue to maintain AF in
these patients after extra-PV FaST ablation. Alternatively,
extra-PV FaST sites remained in unmapped regions, such
as the right atrium or CS.

In addition to AF source activity, some FaST sites
behaved as AF triggers. This was evident in a few patients
in whom AF was initiated by premature atrial beats that colo-
calized to FaST sites defined during sustained AF. Thus,
FaST ablation may reduce AF recurrence by decreasing the
burden of localized impulses that potentially trigger and sus-
tain AF.12 The mechanistic basis for these impulses is unclear
but likely involves a combination of triggered activity and
microreentry, which can be spatially conserved in each pa-
tient.13 We speculate that ganglionated plexuses may also
give rise to some extra-PV FaST sites, especially those of
long duration in proximity to the superior PVs, where these
plexuses tend to cluster.14

Clinical implications
The success rate of maintaining sinus rhythm after PVI in
patients with high-burden paroxysmal/persistent AF re-
mains marginal at w50%, and a variety of patient-
tailored extra-PV AF source ablation strategies have not
consistently improved this outcome.6,15 Our study demon-
strated that FaST ablation is a feasible, promising adjunct
to PVI to reduce AF recurrence, which requires
verification with a larger, multicenter, randomized trial.
Real-time FaST mapping identified a select number of
extra-PV FaST sites, thereby avoiding prolonged LA abla-
tion (ie, extra-PV FaST ablation time 8.5 6 5.1 minutes).
The majority of patients had PV FaST, and most with redo
PVI and PV reconnection had PV FaST sites. These find-
ings highlight the relevance of the PVs in driving AF in
our patients and the importance of creating enduring PVI
using contemporary ablation strategies.16 Finally, FaST
mapping during AF identified triggers in some patients,
which may reduce the need for additional trigger-based
mapping in sinus rhythm with pharmacologic and
programmed stimulation.17 Other focal source mapping
reports and potential limitations of FaST mapping are re-
view in the Supplemental Discussion and Supplemental
Figure S6.

Conclusion
In this randomized controlled pilot, our FaST computa-
tional algorithm provided an intuitive, hierarchical
approach for identifying PV and extra-PV focal AF sour-
ces and triggers. Real-time, automated FaST mapping is
feasible, and a limited number of ablation targets are iden-
tified. FaST ablation as an adjunct to PVI may reduce AF
recurrence in patients with high-burden paroxysmal/persis-
tent AF. These findings support proof of concept for a
novel, patient-tailored ablation strategy after PVI and
will inform future design of a larger, pivotal, multicenter,
randomized trial.
Appendix
Supplementary data
Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrthm.201
9.12.011
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