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Abbreviations
ASD - atrial septal defect
VSD - ventricular septal defect
PAPVC - partial anomalous pulmonary venous connection
CHD - coronary heart disease (significant stenosis or prior myocardial infarction)
LA - left atrium, RA - right atrium
EDD - end-diastolic left ventricular diameter
ESD – end-systolic left ventricular diameter
EF - left ventricular ejection fraction
PPI - post-pacing interval after entrainment
TCL - tachycardia cycle length
AF – atrial fibrillation
AFL –atrial flutter
CTId – cavostricuspid isthmus dependent
PVI – pulmonary vein isolation
AAD - antiarrhythmic drug
ACE - angiotensin-converting enzyme
BSA - body surface area
COPD - chronic obstructive pulmonary disease
ICD - implantable cardioverter defibrillator
LVEF - left ventricular ejection fraction.
2C - 2-chamber view
4C - 4-chamber view
E - early diastolic peak transmitral flow velocity
E’ lateral, septal, avg - annular velocity at lateral, septal side, and the average of them
TDI - tissue Doppler imaging
PWD – pulsed-wave Doppler
LAA - LA area
LAV - LA volume
LAVi - LA volume indexed to body surface area
LAVmax - LA maximum volume
LAVmin - LA minimum volume
PVD - pulmonary vein diastolic flow velocity
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PVS - pulmonary vein systolic flow velocity
PVSD - ratio of PVS and PVD
CM – cardiomyopathy
CI - confidence interval
DCCV - direct current cardioversion
OR - Odds ratio
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Introduction
Treatment of atrial tachycardias has changed a lot in the last decade; catheter ablation has
emerged as the curative therapy. In order to achieve the better outcome, clinical
arrhythmologists are paying more attention to the anatomy and function of the atrial structure.
Being familiar with atrial anatomy, structure and function is particularly important to treat
patients with atrial tachycardias. Out of these atrial tachycardias, atrial ﬁbrillation (AF) is the
most common arrhythmia in the clinical practice and is associated with several important
adverse clinical outcomes, including impairment of quality of life, embolic events and
congestive heart failure.1 Atrial fibrillation itself produces changes in atrial function and
structure which could play a role in the development of these clinical consequences.
According to experimental studies, episodes of AF generate even longer AF episodes and
continuous atrial remodeling.2 This remodeling manifests in several levels such as electrical,
structural and contractile remodeling. All of these components can create a vicious circle.
After the arrhythmia has been triggered, it affects the ion currents and ion channels at first and
creates electrical remodeling. Contractile remodeling refers to a reduction in atrial contraction
with an increased wall tension and finally atrial dilatation which is the hallmark of
remodeling. The existence of atrial fibrillation not only changes the electrical activity of the
atria, but it has a strong influence on the ultrastructure of the chamber.
Pulmonary vein isolation (PVI) using radiofrequency catheter ablation (RFA) is an important
and effective therapeutic option for AF.3 Since Haissaguere’s discovery, the pulmonary vein
isolation has become a well-established method for the treatment of either paroxysmal or
persistent atrial fibrillation.4 Several technical improvements and advances have been
introduced in the last two decade, but AF recurrences are common after the procedures, a
signiﬁcant number of patients require repeated attempts. The recurrence rate of AF after
catheter ablation is reported to be as high as 15-50% depending on the ablation strategy and
the AF type.3,5 Most recurrences occur in the first 6 months after ablation, but even after 1
year, an annual additional recurrence rate of 5–9% has been described.6,7 Awareness of these
results and careful patient selection are really important to target the most appropriate
population with the previously mentioned approach.
Left atrial (LA) dimension, left ventricular (LV) ejection fraction and valvulopathies
can influence AF recurrences. The left atrium has a significant functional role in cardiac
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performance by varying left ventricular filling with its reservoir, conduit and contractile
functions.8 With the noncompliance of the LV, LA pressure rises to maintain adequate LV
filling and the subsequent atrial wall tension leads to chamber dilatation, stretching of the
atrial myocardium and longstanding elevation of afterload, which finally causes remodeling
of the LA.9 Left atrial volume increases with the progression of diastolic dysfunction,
consequently the LA volume influences the LV filling pressures over time.10 Despite the
numerous data in the literature, the association between clinical and diastolic parameters and
recurrence after catheter ablation in atrial fibrillation is not fully described. In last few years,
many new echocardiographic parameters have been described to characterize the diastolic
function in patients with AF. Patients with AF recurrence had signiﬁcantly larger LA size,
increased early diastolic transmitral ﬂow velocity (E) and increased E/E’ (ratio of early
diastolic peak transmitral inﬂow to early diastolic peak mitral annular velocity).11,12 Indexed
LA volume (LAV) was shown to be strongly associated with AF recurrence after catheter
ablation in a cohort of patients with paroxysmal and persistent AF.13,14 Among the tissue
Doppler imaging (TDI) parameters, the E/E’ is the key parameter in the estimation of the
degree of diastolic dysfunction and this parameter was evaluated for AF recurrence after
electrical cardioversion15 and catheter ablation.11 Based on these results, there is no single
echo parameter which can be able to clearly predict AF occurrence and identify patients who
will benefit from catheter ablation.
Atrial flutter often coexists with atrial fibrillation. It can produce atrial electrical
remodeling similarly as AF16 and probably is the most common atrial arrhythmia in patients
who undergo open heart surgery. Several types of atrial flutters may develop in this very
special subgroup of patients and the strategy of treatment is different compared to patients
with typical flutter without heart surgery. Heart surgery for acquired valvular problems or
ischemic heart disease involves incisions applied to the right and/or left atrium either for
establishing extracorporeal circulation or for approaching the intracardiac structures (coronary
sinus, interatrial or interventricular septum, atrioventricular valves, etc.).17 These atriotomies
create an ideal substrate for atrial tachycardias (AT) together with structural and
hemodynamic changes resulting from the underlying heart disease. These two factors have
been thought to play a major role in the development of atrial tachycardia (AT) months or
even years after surgery.18-22 Detailed knowledge of the underlying anatomy, surgical
techniques and incisions are critical in understanding the mechanism of the subsequent
arrhythmia. Besides the most common cavotricuspid-isthmus (CTI)-dependent atrial flutter
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(AFL), atypical AFLs are also not uncommon in these population of patients. 23,24 AT
mechanisms can be different depending on the underlying heart disease, the type of the
operation, and specifically the type of atrial incision applied during the surgery. Due to the
complexity of multiple AFL circuits, an empirical approach has been suggested in sinus
rhythm in patients with previous heart surgery and coexistent atrial incisions. 18-20,25

Aims
1. According to the observations associated with AF and diastolic dysfunction, we sought
to evaluate atrial diastolic function parameters including two-dimensional (2D),
pulsed-wave Doppler (PWD) and TDI parameters, and the directly measured left atrial
pressure (LAP) values for associations with AF recurrence after RFA in a large cohort
of patients with persistent and longstanding persistent AF.
2. We sought to perform a long-term follow-up study of patients with AF recurrence
after catheter ablation to determine whether the time to recurrence of AF influenced
AF characteristics, response to therapy and clinical outcome.
3. We sought to establish an association between organic heart disease, atrial incisions,
and the mechanism of AT developing late after open heart surgery in a routinely
encountered patient population with acquired or simple congenital heart disease.
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Methods 1.
Study Population
The study protocol was approved by the Institutional Review Board at our institution with
waiver of consent for retrospective review of medical records. There were 493 patients with
drug refractory persistent and longstanding persistent AF who underwent PVI by RFA at the
Hospital of the University of Pennsylvania between April 2009 and April 2011. The patients
were excluded from analysis if they had previous catheter ablation (251 patients), a history of
open heart surgery (17 patients), moderate or severe mitral regurgitation (14 patients),
reduced LV ejection fraction (EF) (< 50%, 30 patients), mitral annular calciﬁcation (ﬁve
patients), pacemaker dependency (four patients), no LA pressure registration (25 patients),
were in AF the following day after catheter ablation (seven patients), and less than 6 months
follow-up (21 patients). Persistent AF was deﬁned as continuous AF for greater than 7 days or
cardioversion after 48 hours of continuous AF. Longstanding persistent AF was deﬁned as
continuous AF for greater than 12 months.26 Clinical data were obtained from medical
records.

Echocardiography
All patients underwent routine clinical transthoracic echocardiogram (TTE) examinations
including M-mode, 2D, PWD and TDI on the ﬁrst postprocedural day following PVI. All
studies were analyzed in a blinded fashion on dedicated workstations (ProSolv
CardioVascular Client version 4.0.4) by a single reader. Left atrial diameter was obtained in
the parasternal long axis view. Left atrial area (LAA) and left atrial length were measured in
the apical 4-chamber (4C) view and apical 2-chamber (2C) view. LAV was derived using the
biplane area-length method. Both LAA and LAV were measured at LV end-systole (LA
maximum volume, LAVmax; LA maximum area, LAAmax) and at LV end-diastole (LA
minimum volume, LAVmin; LA minimum area, LAAmin). LAV index (LAVi) was
calculated based on the body surface area. Mitral inﬂow measurements using PWD included
peak early diastolic velocity (E) and deceleration time (DT) of early diastolic velocity. Late
diastolic velocity (A) is not obtained due to generally diminutive velocities 1 day
postablation. Pulmonary venous ﬂows using PWD were characterized by peak systolic
velocity (PVS), peak diastolic velocity (PVD), and the ratio of PVS to PVD (PVSD). TDI
obtained from the 4C view included early velocities from the septal and lateral mitral annulus
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(E’septal and E’lateral, respectively). The ratio of early diastolic transmitral ﬂow velocity to
annular motion velocity was calculated for both lateral and septal annular sites (E/E’lateral
and E/E’septal, respectively) and was also calculated for the average between the two sites
(E/E’average).

Catheter Ablation and left atrial pressure (LAP) recordings
PVI was performed per routine at our institution as previously described.27,28 Brieﬂy,
multipolar catheters were placed in the coronary sinus and posterior right atrium (RA) and a
diagnostic intracardiac ultrasound catheter was advanced to the RA. Two transseptal
punctures were performed through which the ablation and circular mapping catheters were
advanced into the LA. A bolus of unfractionated heparin was administered prior to the ﬁrst
transseptal puncture and infusion was titrated to maintain activated clotting time
of > 350 seconds for the duration of the procedure. Immediately after the transseptal access,
the LA pressure was transduced through the transseptal needle. LA x-wave pressure nadir, LA
peak v-wave pressure, and mean LA pressure were recorded using an electrophysiologic
recording system (Prucka-GE, Houston, TX, USA). The ablation endpoints were absence of
PV potential recordings of the circular mapping catheter, which deﬁned entrance block;
failure to capture the LA when pacing from all bipoles of the circular mapping catheter
(output 10 mA, pulse width 2 ms), deﬁned exit block29; and no AF with incremental infusion
of up to 20 μg/min of isoproterenol. Additional ablation procedures were performed as
clinically appropriate by the electrophysiologists.

Routine Follow-Up
All patients underwent a TTE the day after the procedure. Patients were typically restarted on
previous antiarrhythmic drugs prior to discharge and continued during follow-up at the
discretion of the clinician. Patients had outpatient visits at 6–10 weeks and 6 months, and the
majority of patients had visits at 1 year from the date of the ablation procedure. Patients
routinely underwent a 4-week period of transtelephonic monitoring immediately after ablation
and at least once again at 3–12 months to assess for asymptomatic AF recurrence. At each
outpatient visit, patient symptoms were assessed and a 12-lead electrocardiogram (ECG) was
recorded. Beyond the 1-year period, the patients were either seen at our institution or by their
local cardiologist based on their preferences but followed with telephone calls from our
center.
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Statistical Analysis
Statistical analyses were performed using STATA software (version 10, StataCorp, College
Station, TX, USA). Continuous variables were expressed as mean ± standard deviation and
categorical variables were expressed as percentages. Comparison of data between the two
groups with and without recurrence was performed using a two-tailed, unpaired Student’s ttest for continuous variables and χ2 test for the categorical variables. Logistic regression
analysis was used to identify univariate and multivariable parameters of AF recurrence. Note
that P values of ≤ 0.05 were considered statistically signiﬁcant.

Reproducibility
Fifteen randomly selected TTE studies were reviewed by another independent blinded
observer to assess interobserver variability. The same 15 studies were reinterpreted by the
original reader in a blinded fashion 3 months after the initial reading to assess intraobserver
variability.

Methods 2.
Study population
We identified patients who (1) underwent first catheter ablation for AF at the Hospital of the
University of Pennsylvania between 2004 and 2008, (2) had recurrent AF after ablation, and
(3) had a minimum of 18-month follow-up after recurrence. Patients were divided into an
early (E) recurrence group, with recurrences occurring 3–6 months of ablation, a late (L)
group, with recurrences occurring between 6 and 12 months, and a very late (VL) group, with
recurrences occurring > 1 year after ablation.

Ablation strategy and routine follow-up
PVI and routine follow-up was performed as previously described.27-31

Definitions
Because AF that occurs very early after ablation may be transient, AF recurrences occurring
within the first 3 months of ablation were excluded. In contrast, documented episodes of AF
or any organized atrial arrhythmia lasting > 30 seconds after the 3-month blanking period
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were counted as AF recurrences. In order to facilitate analysis, the arrhythmia burden after the
initial recurrence was dichotomized as being rare only if during every 6-month follow-up
window, no AF or ≤ 2 AF episodes occurred and ≤ 1 direct current cardioversion (DCCV)
was performed. Patients were considered drug responders if after initiating new drug therapy
because of AF recurrence the patient had no symptomatic AF with at least 6 months of
additional clinical follow-up and at least one > 2-week TTM showing no recurrence. After a
repeat AF ablation procedure, AF control was defined as AF free or rare AF episodes in each
year of follow-up (12-month minimum) with at least 1 extended period of transtelephonic
ECG monitoring. For those patients with rare episodes before repeat ablation, a more stringent
definition of AF control was used after repeat ablation (no or only 1 episode of AF during the
follow-up of at least 1 year).

Statistical analysis
Continuous variables are expressed as mean ± SD and categorical variables as number
(percentages). The analysis of variance test was used to compare continuous variables across
multiple groups. The χ2 test with Yates correction or Fisher exact test was used to analyze
categorical variables. Multivariate logistic regression was utilized to identify predictors of
favorable clinical outcomes after the initial recurrence. Variables included in Table 8 in
addition to recurrences during the blanking period, DCCV during the blanking period, on
AADs at the time of recurrence, and rare episodes after the blanking period were subjected to
univariate screening. Variables showing marginal associations with favorable outcome
(P < 0.10) were assessed in multivariate models. A 2-tailed P value of ≤ 0.05 was considered
statistically significant. All statistical analyses were performed by using SPSS version 16.0
(SPSS Inc, Chicago, IL).
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Methods 3.
Study population
Consecutive patients undergoing electrophysiology study for documented AT at least 3
months after open heart surgery for acquired or simple congenital heart disease were enrolled.
Patients after complex corrective surgery (Senning, Mustard or Fontan procedure) were not
included. Patients undergoing empirical CTI ablation (surface ECG documentation of typical
flutter, ablation during sinus rhythm), non-inducible tachycardia or with previous surgical or
catheter based ablation were excluded. Altogether one hundred patients were enrolled, clinical
characteristics are summarized in Table 1.
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Characteristics (N=100)
Mean age (range), years
Male/female
Months since surgery
Median
Min–max
Congenital heart disease
ASD
VSD
Ebstein
Pulm. stenosis
Fallot
PAPVC
Acquired heart disease
CHD
Valvular
Myxoma
Hypertension
Diabetes
LA diameter (mm)
EDD (mm)
ESD (mm)
EF (%)

64 (23–89)
61/39
60
3–274
13
2
2
1
2
2
31
83
4
62
21
52±9
56±9
39±10
56±14

Table 1. Clinical caracteristics of patients
ASD: atrial septal defect, VSD: ventricular septal defect, PAPVC: partial anomalous
pulmonary venous connection, CHD: coronary heart disease (significant stenosis or prior
myocardial infarction), valvular heart disease moderate or greater regurgitation or significant
stenosis, LA: left atrium, EDD: end-diastolic left ventricular diameter, ESD: endsystolic left
ventricular diameter, EF: left ventricular ejection fraction

Surgical technique
Surgical procedures were grouped according to the incisions applied to the atria. In some
cases, only a right atrial (RA) incision was placed: either for venous cannulation for
cardiopulmonary bypass via a small incision on the RA appendage or a long incision on the
RA free wall for the placement and fixation of a cardioplegic cannula inside the coronary
sinus (open technique for retrograde cardioplegia) or to perform surgery at the right side of
the heart. Venous cannulas for cardiopulmonary bypass in the latter cases were placed
through incisions on the superior caval vein and the inferior vena cava-RA junction (bicaval

13

cannulation). In some patients, both RA and left atrial (LA) incisions were placed: The RA
free wall atriotomy was prolonged superiorly and onto the interatrial septum to access the left
atrium (transseptal LA atriotomy). The remaining patients had only LA operation using direct
LA atriotomy (in the interatrial groove) along with bicaval cannulation (Fig. 1, Table 2).

Figure 1. Schematic drawing of the different atrial incisions applied: 1 right atrial appendage
cannulation, 2 right atrial free wall atriotomy, 3 transseptal left atriotomy, 4 direct left
atriotomy
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Atrial incision
RA appendage cannulation

RA free wall atriotomy

Transseptal LA atriotomy

Direct LA atriotomy

Operation
CABG
Ao
CABG and Ao
Pu
Retrograde cardioplegia (CABG and/or Ao)
ASD
VSD
Tr
Mi
Mi and CABG
Mi and Ao
Mi and Tr
LA myxoma
Mi
Mi and Ao

N
9
7
3
1
14
13
2
3
20
8
5
4
4
6
1

Table 2. Surgical procedures, CABG coronary artery bypass graft, Ao aortic valve, Pu
pulmonary valve, ASD atrial septal defect, VSD ventricular septal defect, Tr tricuspid valve,
Mi mitral valve, RA right atrial, LA left atrial

Electrophysiology study
Patients were studied under light sedation using midazolam ± fentanyl. Multipolar catheters
were introduced through the femoral ± the internal jugular or the subclavian vein. One
catheter was positioned in the coronary sinus (CS) with the most proximal bipole at the
ostium. Another catheter was placed in the RA around the tricuspid annulus, with the most
distal electrode in the low RA. A steerable catheter was used for mapping and pacing from
other locations. Radiofrequency ablation was carried out by an externally irrigated ablation
catheter (NaviStar ThermoCool, Biosense WebsterInc., Diamond Bar, CA, USA or Therapy
Cool Path, St. Jude Medical Inc., St. Paul, MN, USA). During sinus rhythm, atrial
extrastimulation was carried out at two drive cycle lengths, using at least two extrastimuli.
This was repeated after ablation of every tachycardia. Only sustained (> 30 s) tachycardias
amenable

for

detailed

mapping

are

included

in

this

analysis.

Non-sustained,

irregular (> 30 ms cycle length variation) tachycardias, and those that terminated or
transformed during mapping were excluded. Activation mapping during AT was
accomplished by multielectrode recording and in cases of non-CTI-dependent AT, use of an
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electroanatomic mapping system (CARTO™ XP, Biosense Webster Inc.). Entrainment
pacing was performed with a cycle length (CL) 10–30 ms shorter than the tachycardia CL.
The pacing site was considered to be in the reentrant circuit if the post-pacing interval,
measured from the pacing stimulus to the first non-paced electrogram recorded by the pacing
electrode, was less than 30 ms longer than the tachycardia CL. Atrial tachycardias were
classified as macro-reentrant (flutter) if distant atrial sites were determined to be part of the
reentry circuit, and continuous atrial activation was demonstrated by activation mapping.
Focal ATs were defined by centrifugal activation from a discrete source. Atrial flutter (AFL)
was classified as CTI-dependent if entrainment mapping determined the CTI to be part of the
circuit and the flutter terminated during ablation at the CTI. If the above were not fulfilled, the
AFL was labeled non-CTI-dependent and further classified as RA incisional tachycardia, if
the RA free wall was part of the circuit based on entrainment, a RA scar was detected either
as an electrically quiescent area or a line of double potentials, continuous activation was
demonstrated around the scar and the flutter terminated during ablation between the scar and a
barrier such as the inferior vena cava or the tricuspid ring (Fig. 2). A non-CTI-dependent AFL
was defined as perimitral flutter if the mitral isthmus (between the left-sided pulmonary veins
and the mitral annulus) proved to be in the circuit based on entrainment, activation proceeded
around the mitral ring and the flutter terminated during ablation between the mitral annulus
and another barrier (Fig. 3). In case of a roof-dependent LA flutter the activation proceeded
around the left or right pulmonary veins (PVs) and/or an area of scar on the posterior LA wall,
the LA roof proved to be in the circuit by entrainment and the flutter terminated during linear
ablation between upper PVs or the mitral isthmus in case of peri-left PV AFL. Upper loop
reentry was defined as a flutter circuit in the RA, around the ostium of the superior caval vein.
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Figure 2. Electroanatomic activation map of the right atrium during incisional tachycardia
after right lateral atriotomy. The atriotomy is marked by light blue dots, indicating double
potentials (see inlets for examples of such potentials) and parallel dotted lines. Activation
proceeds in the counterclockwise direction around the atriotomy. Dark blue dots mark the
tricuspid valve (TV)
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Figure 3. Perimitral macroreentry after direct left atriotomy. Activation proceeds in the
clockwise direction around the mitral annulus and also through a reconnection in the
atriotomy line. This latter path is not part of the circuit as indicated by entrainment pacing.
The circuit uses a narrow isthmus between the scar and the mitral annulus, where a single
radiofrequency pulse (dark red dot) terminated the tachycardia. Orange dots represent pacing
sites, light blue dots mark double potentials, grey dots, electrically silent areas, and pink dots
represent fragmented signals. Light red dots mark the mitral annulus. PPI post-pacing interval
after entrainment, TCL tachycardia cycle length.
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Statistical analysis
Continuous variables are presented as mean ± SD and were compared using Student’s t test.
Categorical variables are presented as frequencies. Comparisons of proportions were
performed by the chi-square test. If more than one variable was significantly related to a
specific AT mechanism multivariable analysis by logistic regression was performed. A P
value < 0.05 was considered statistically significant. Statistical analyses were performed using
SPSS software, version 13.0 (SPSS Inc., Chicago, IL, USA).

Results 1.
Baseline Clinical Characteristics
Baseline patient characteristics are shown in Table 3. The patients’ mean age was
61.3 ± 8.9 years (range 36–78 years). This group of patients was predominantly male and
hypertensive. Seventy-seven percent of patients had persistent AF, whereas 23% had
longstanding persistent AF. All patients had preserved LVEF (> 50%).

Procedural Outcomes
A total of 125 patients were included in the study. The mean follow-up time of the study
population was 17.8 ± 7.7 months. After the ﬁrst PVI, success was achieved in 73 patients
(58.4%). Twenty patients had a second PVI and 10 of these patients remained in sinus rhythm
(SR) during follow-up. Three patients had a third PVI but all failed to maintain SR. At the end
of the follow-up period, 83 patients remained in SR (66.4%) and 42 (33.6%) had AF
recurrence.
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Characteristics
Demographics and Comorbidities
Age (years)
BSA (m2)
Gender (% male)
Hypertension (%)
Diabetes mellitus (%)
Stroke (%)
LVEF (%)
Coronary artery disease (%)
Pacemaker or ICD (%)
Asthma, COPD (%)
Obstructive sleep apnea (%)
Atrial Fibrillation
Longstanding persistent (%)
Persistent (%)
Duration of AF (months)
Baseline Medications (%)
ACE inhibitor
Angiotensin receptor blocker
Diuretic
Inhaled β-agonist
β-blocker
AAD Class I
AAD Class III
AAD Class IV
Digoxin
Mean Follow-Up Time (Months)

Total (n = 125)

Table

of

3.

Baseline

Characteristics

61.3 ± 8.9
2.1 ± 0.3
81
66
15
9
60.7 ± 6.4
13
2
8
25
23
77
12.7 ± 20.2
26
14
28
2
42
32
68
23
16
17.8 ± 7.7
Patients,

AAD

=

antiarrhythmic

drug;

ACE = angiotensin-converting enzyme; AF = atrial fibrillation; BSA = body surface area;
COPD = chronic obstructive pulmonary disease; ICD =implantable cardioverter defibrillator;
LVEF = left ventricular ejection fraction.

Clinical Parameters Associated with Recurrence
The clinical differences between patients with and without recurrences are summarized in
Table 4. Patients with AF recurrences were more likely to have longer duration of AF prior to
RFA (9.0 ± 9.4 months vs. 19.3 ± 30.6 months, P = 0.02). Although not statistically
signiﬁcant, patients who were free from recurrences were more likely to have lone AF
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(17% vs. 7.2%, P = 0.13). According to the logistic regression analysis, the duration of AF
prior to RFA (P = 0.04, odds ratio [OR]: 1.03, 95% conﬁdence interval [CI] 1.0–1.1) was
statistically signiﬁcant predictor for AF recurrence (Table 5.). The percentages of patients
taking antiarrhythmic drugs were not different with respect to the outcome.

Clinical Parameters
BSA (m2)
Age
CHADS2 score
Gender (male, %)
Hypertension
Diabetes mellitus
Coronary artery disease
COPD
Asthma
Obstructive sleep apnea
Lone AF
Longstanding persistent AF
Duration of AF prior to RFA (months)
Medications
β-blocker
AAD Class I
AAD Class III
AAD Class IV
Digoxin

Patients Without
Recurrence (N = 83)

Patients with
Recurrence (N = 42)

2.1 ± 0.3
60.7 ± 8.5
0.9 ± 0.8
69 (83%)
52 (63%)
13 (16%)
9 (11%)
2 (2%)
2 (2.5%)
18 (22%)
14 (17%)
16 (19%)
9.0 ± 9.4

2.2 ± 0.3
62.5 ± 9.7
1.1 ± 0.9
32 (76%)
31 (74%)
6 (14%)
7 (17%)
2 (5%)
0 (0%)
13 (31%)
5 (7.2%)
13 (31%)
19.3 ± 30.6

0.25
0.16
0.15
0.35
0.21
0.8
0.4
0.48
0.31
0.3
0.13
0.1
0.007

57 (71%)
25 (31%)
24 (30%)
17 (21%)
6 (8%)

27 (68%)
10 (25%)
17 (43%)
11 (28%)
3 (8%)

0.67
0.47
0.17
0.45
1

Table 4. Clinical Characteristics of the Patients with and Without Recurrence, CHADS2
(congestive heart failure, hypertension, age ≥ 75 years, diabetes mellitus, stroke or TIA or
thromboembolism). The medications were taken by the patients at the end of the follow-up
period. RFA = radiofrequency ablation. Abbreviations as in Table I. CI = confidence interval;
OR = odds ratio.

P
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Univariate
Logistic Regression
P
OR [95% CI]
Clinical Parameters
BSA (m2)
Age
CHADS2 score
Gender (male, %)
Hypertension
Diabetes mellitus
Coronary artery disease
COPD
Obstructive sleep apnea
Lone AF
Longstanding persistent AF
Duration of AF prior RFA
Medication
AAD Class I
AAD Class III
AAD Class IV
β-blocker
Digoxin

0.50
0.30
0.30
0.40
0.20
0.84
0.36
0.50
0.26
0.14
0.14
0.04

1.8 [0.4–9.13]
1.0 [0.94–1.06]
1.3 [0.81–1.9]
0.7 [0.26–1.62]
1.7 [0.7–3.8]
0.9 [0.31–2.6]
1.6 [0.6–4.8]
2.0 [0.28–14.9]
1.6 [0.7–3.7]
0.4 [0.1–1.4]
1.9 [0.8–4.4]
1.03 [1.0–1.06]

0.50
0.17
0.45
0.70
1.00

0.7 [0.3–1.72]
1.7 [0.8–3.8]
1.4 [0.6–3.4]
0.8 [0.4–1.9]
1.0 [0.24–4.2]

Table 5. Logistic Regression Analysis on Clinical Parameters for Predicting Recurrence,
Abbreviations as in Tables 3 and 4.

Echocardiographic and Atrial Pressure Parameters
Several echocardiographic parameters were found to be signiﬁcantly different in patients with
and without AF recurrence, as shown in Table 6. All the LA size measurement at the 4C view,
including both maximum and minimum lengths, area, and volume measurements, were
signiﬁcantly correlated with outcome. None of the TDI parameters or direct measured LAP
was signiﬁcantly different. Among the 2D parameters, LAVimin of 26 cm3/m2
(P = 0.033, OR 2.5, 95% CI 1.08–5.9) and LAVimax of 42 cm3/m2 (P = 0.015, OR 2.7, 95%
CI 1.2–5.95) were the best single parameters of AF recurrence after PVI. LAVimax value of
greater than 40 cm3/m2 is considered severely enlarged according to the American Society of
Echocardiography guidelines.32 When entered into multiple logistic regression analysis,
LAVimin of 26 cm3/m2 (P = 0.009, OR: 4.9, 95% CI 1.5–16.2) and duration of AF prior to
RFA (P = 0.05, OR: 1.03, 95% CI 0.99–1.07) were the independent parameters for AF
recurrence.
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Patients Without
Patients with
Recurrence (N = 83) Recurrence (N = 42)
Echocardiographic Characteristics 2D
LA diameter (mm)

P
Value

43.0 ± 13.5

41.5 ± 14.7

0.3

2

23.4 ± 4.9

26.4 ± 5.4

0.002

2

LA minimum area (4C, cm )
LA max. length (4C, cm)
LA min. length (4C, cm)

17.2 ± 4.4
5.2 ± 0.6
4.5 ± 0.6

19.6 ± 4.8
5.6 ± 0.7
4.8 ± 0.6

0.004
0.001
0.003

LA maximum area (2C, cm2)

23.8 ± 4.4

24.9 ± 5.5

0.12

LA minimum area (2C, cm )
LA max. length (2C, cm)
LA min. length (2C, cm)

17.9 ± 4.4
5.3 ± 0.7
4.5 ± 0.6

19.0 ± 4.9
5.4 ± 0.7
4.6 ± 0.7

0.11
0.21
0.13

LAVmax (cm3)

92.7 ± 26.0

107.3 ± 31.2

0.005

LA maximum area (4C, cm )

2

LAVmin (cm3)

60.7 ± 20.5

71.9 ± 26.4

0.007

3

2

42.5 ± 12.2

49.04 ± 14.9

0.01

3

2

27.8 ± 9.6
34.8 ± 11.0

33.6 ± 12.1
33.6 ± 13.1

0.005
0.3

93 ± 20
198 ± 42
46 ± 15
69 ± 20
0.7 ± 0.2

94 ± 25
206 ± 39
45 ± 17
62 ± 16
0.8 ± 0.3

0.41
0.2
0.4
0.06
0.13

11.3 ± 3.2
9.5 ± 2.9
10.3 ± 2.7
9.2 ± 3.9
10.7 ± 3.9
9.9 ± 3.8

10.8 ± 2.4
8.8 ± 2.2
9.8 ± 2.1
9.1 ± 3.2
11.6 ± 4.9
10.1 ± 3.7

0.3
0.08
0.2
0.5
0.15
0.4

10.5 ± 4.1
15.1 ± 5.5

10.7 ± 4.2
16.1 ± 5.9

0.5
0.2

LAVimax (cm /m )
LAVimin (cm /m )
LA ejection fraction (%)
PWD
E (cm/s)
Deceleration time (seconds)
PVS (cm/s)
PVD (cm/s)
PVSD
TDI
E' lateral (cm)
E' septal (cm)
E' average (cm)
E/E' lateral
E/E' septal
E/E' average
Atrial Pressure (mm Hg)
Mean RA pressure
Mean LA pressure

Table 6. Invasive and Noninvasive Diastolic Function Parameters, 2C = 2-chamber view;
4C = 4-chamber view; E = early diastolic peak transmitral flow velocity; E’ lateral, septal,
avg = annular velocity at lateral, septal side, and the average of them, respectively; LA = left
atrium; LAA = LA area; LAV = LA volume; LAVi = LA volume indexed to body surface
area; LAVmax = LA maximum volume; LAVmin = LA minimum volume;
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PVD = pulmonary vein diastolic flow velocity; PVS = pulmonary vein systolic flow velocity;
PVSD = ratio of PVS and PVD; RA = right atrium.

Reproducibility
Inter- and intraobserver variabilities for echocardiographic measurements are shown in Table
7. With the exception of the LA diameter measurements in the parasternal long axis view,
intraobserver variability was minimal. Interobserver agreement was also excellent.
Parameters
2D
LA diameter
LA maximum area (4C)
LA maximum area (2C)
LAVmax
LAVmin
LAVimax
LAVimin
PWD
E
Deceleration time
PVS
PVD
PVSD
TDI
E' lateral
E' septal
E/E' lateral
E/E' septal
E/E' average

R

Intraobserver
Difference (%)

R

Interobserver
Difference (%)

0.7
1.0
0.9
0.9
0.8
0.9
0.8

4.5
5.2
2.5
0.8
1.5
2.7
1.2

0.6
0.9
0.8
0.8
0.8
0.8
0.8

1.3
6.7
0.4
2.4
7.7
7.0
8.3

0.9
0.9
0.9
1.0
0.9

2.5
0.1
2.7
1.0
1.1

1.0
0.9
1.0
1.0
0.7

1.4
2.5
3.3
3.7
1.2

1.0
1.0
1.0
1.0
1.0

2.6
2.0
1.5
0.5
1.0

1.0
0.9
0.9
0.9
0.9

3.6
3.3
3.6
2.7
2.9

Table 7. Intra- and Interobserver Variability, Abbreviations as in Table 6.

Results 2.
Patient characteristics
Of 1188 patients who underwent first time catheter ablation between 2004 and 2008, we
identified 439 consecutive patients with AF recurrence after the blanking period with at least
18-month follow-up after recurrence. The first recurrence after catheter ablation occurred
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early (E group: 3–6 months after ablation) in 245 patients, late (L group: 6–12 months after
ablation) in 118 patients, and very late (VL group: > 12 months after ablation) in 76 patients.
Patient characteristics among the 3 groups categorized according to the time of recurrence
after AF ablation were similar in terms of age, type of AF, prevalence of risk factors, and the
presence of structural heart disease (Table 8). The mean follow-up after initial ablation
was 50 ± 18 months (maximum 101 months), and the mean follow-up time after recurrence
was 41 ± 19 months (maximum 97 months).
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Time to recurrence after ablation (mo)
Age (y)
Sex: Man

Early group (n= 245)
3.4 ± 0.7
57 ± 10
185 (76)

Very late group
Late group (n= 118)
(n=76)
9.3 ± 2.2
25.8 ± 11.1
57 ± 9
58 ± 10
91 (77)
57 (75)

Body mass index (kg/m2)
Hypertension
Diabetes mellitus
Obstructive slee papnea
Coronary artery disease
Structural heart disease
Left atrial size (mm)
Left ventricular ejection fraction (%)
Paroxysmal AF
AF duration (y)
Rare AF episodes prior to ablation
Number of failed AADs
Patients never on any AAD prior to ablation
Tachycardia-mediated CM

29.7 ± 5.5
130 (53)
17 (7)
44 (18)
33 (13)
34 (14)
45 ± 7
57 ± 9
144 (59)
6.9 ± 6.5
44 (18)
1.6 ± 0.9
25 (10)
24 (10)

28.9 ± 4.9
60 (51)
11 (9)
18 (15)
12 (10)
9 (8)
44 ±7
58 ± 10
67 (57)
6.5 ± 5.5
13 (11)
1.5 ± 0.9
13 (11)
12 (10)

29.7 ± 5.1
42 (60)
8 (11)
15 (21)
11 (15)
7 (9)
45 ± 7
59 ± 9
42 (60)
5.4 ± 4.2
10 (13)
1.3 ± 0.8
10 (13)
9 (13)

P
<0.001
0.4
0.9
0.5
0.8
0.5
0.7
0.6
0.2
0.7
0.7
0.8
0.1
0.4
0.1
0.3
0.9

Table 8. Baseline patient characteristics based on the time of AF recurrence after ablation, Continuous variables are expressed as mean ± SD and
categorical variables as number (percentages). AAD = antiarrhythmic drug; AF= atrial fibrillation; CM= cardiomyopathy.
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Recurrences during the 3-month blanking period
During the blanking period, 306 of 439 (70%) of the study patients had arrhythmia episodes.
Patients with early recurrences (3–6 months after ablation) were more likely to have had AF
during the blanking period compared with patients with late and very late recurrences (201 of
245 (82%) in the E group vs. 64 of 118 (54%) in the L group and 41 of 76 (54%) in the VL
group; P < 0.001 for comparison across groups). DCCV was performed during the blanking
period in 79 of 201 (39%) in the E group, 28 of 64 (40%) in the L group, and 22 of 41 (54%)
in the VL group (P = 0.2). In total, 19 patients underwent a repeat ablation procedure during
the blanking period, with no statistically significant difference between groups (13 of 201
(6%) in the E group, 3 of 64 (5%) in the L group, and 3 of 41 (7%) in the VL group; (P = 0.8).

AF recurrences after the blanking period
At the time of recurrence after the blanking period, 144 of 245 (59%) patients in the E group
were on an AAD in comparison to 37 of 118 (31%) patients in the L group and 5 of 76 (7%)
patients in the VL group (P < 0.001). To treat recurrences, a total of 159 patients underwent at
least 1 DCCV, without statistically significant differences among the 3 groups (81 of 245
[33%] in the E group, 45 of 118 [38%] in the L group, and 33 of 76 [43%] in the VL
group; P = 0.2). Forty-two of 439 patients (9.5%) recurred with atrial flutter or atrial
tachycardia, with no statistical differences among the groups (30 of 245 [12%] in the E group,
7 of 118 [6%] in the L group, and 5 of 76 [7%] in the VL group; P = 0.1). The presence of
only subsequent rare AF recurrences was significantly higher in L and VL groups than in the
E group (Figure 4.). Only 23 of 245 [9%] patients in the E group had no or rare
AF (≤ 2 episodes or ≤ 1 DCCV during any 6-month window from the first recurrence) in
comparison to 50 of 118 (47%) patients in the L group and 52 of 76 (68%) in the VL group
(P < 0.001 for comparison across groups and for comparison between L and VL groups).
There was no significant difference in the subsequent frequency of rare AF between those
whose initial recurrence required DCCV and those whose initial recurrence did not require
DCCV (39 of 141 [27.7%] vs. 86 of 298 [28.9%], respectively; P = 0.8).
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100%
90%

Percentage of patients

80%
70%
60%
50%
40%
30%
20%
10%
0%

Rare AF after
recurrence (1)

Response to AAD (2)

Figure 4. Influence of early (E), late (L), and very late (VL) recurrences after catheter
ablation on the presence of no or only rare atrial fibrillation (AF) during follow-up and
response to antiarrhythmic drugs (AADs) among all patients, *P < 0 .05; **P < 0 .001.

Univariate factors predictive of rare arrhythmia episodes after recurrence are depicted
in Table 9. Type of AF and patient clinical characteristics did not predict subsequent rare
arrhythmia episodes after the initial AF recurrence. In multivariate analysis, the strongest
independent predictors of rare AF after the initial AF recurrence were late and very late time
of recurrence after the procedure.
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AF in the blanking period
DCCV in the blanking period
On AAD at the time of recurrence
L recurrence group*
VL recurrence group*

OR
0.3
0.6
0.2
7.09
20.8

Univariate
95% CI
0.2–0.4
0.4–1.1
0.1–0.3
4.03–12.5
10.9–40

P
<0.001
0.06
<0.001
<0.001
<0.001

OR
0.5
0.93
0.5
5.07
13.8

Multivariate
95% CI
0.3–0.9
0.5–2
0.3-0.9
2.8–9.2
6.9–27.7

P
0.03
0.9
0.03
< 0.001
< 0.001

Table 9. Factors predictive of rare AF after the initial recurrence, AAD= antiarrhythmic drug; AF= atrialfibrillation; CI= confidence interval;
DCCV= direct current cardioversion; L= late (6–12 mo after ablation); VL= very late (> 12 mo after ablation). *Relative to the E recurrence
group, OR= Odds Ratio
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Efficacy of antiarrhythmic drug therapy after recurrence
AADs were tried in 108 of 245 (44%), 65 of 118 (55%), and 32 of 76 (42%) patients in the E,
L, and VL recurrence groups, respectively (P = 0.1 for comparison across groups). Seventytwo patients were started on a new AAD despite having rare arrhythmia episodes before AAD
initiation (17 of 108 [16%] in the E group, 38 of 65 [58%] in the L group, and 17 of 32 [53%]
in the VL group; P < 0.001). There were no differences in the type of drug used among the
groups; class III AADs were the most frequently selected (49%), followed by class I AADs
(33%) and amiodarone (13%). Patients in the VL group were more likely to respond to AADs
with the elimination of AF during subsequent follow-up than patients with early and late
recurrences (23 of 32 [72%] showed positive response in the VL group vs. 21 of 108 [19%] in
the E group and 38 of 65 [58%] in the L group; P < 0.001) (Figure 1A). The difference was
maintained regardless of the frequency of episodes prior to initiating AADs (8 of 15 [53%]
showed positive response in the VL group vs. 13 of 91 [14%] in the E group and 9 of 27
[33%] in the L group; P = 0.001). Patients with paroxysmal AF, those who did not recur
during the blanking period, those not on AADs at the time of recurrence, and those with rare
AF episodes after recurrence had a better response to AADs. The class of AADs did not
impact positive response (44% class III, 38% class I, 32% amiodarone; P = 0.6), nor did other
clinical baseline characteristics. In a multivariate model, baseline paroxysmal AF, the time to
AF recurrence after ablation, and rare AF prior to initiating or changing AADs were
independent predictors of a positive response to AAD therapy after the initial recurrence
(Table 10).

Paroxysmal AF
AF in the blanking period
CV of AF in the blanking period
On AAD at the time of
recurrence
Rare AF before ADD
L recurrence group*
VL recurrence group*

OR
1.7
0.3
0.5

Univariate
95% CI
P
0.9–3.05
0.06
0.2–0.5
< 0.001
0.3–0.9
0.04

OR
2.2
0.6
0.7

Multivariate
95% CI
P
1.05–4.6
0.04
0.2–1.4
0.2
0.3–1.6
0.4

0.3
8.9
5.8
10.5

0.1–0.6
4.6–17.2
2.9–11.6
4.3–26.2

0.8
5.4
3.1
6.7

0.3–2
2.5–11.7
1.4–6.8
2.4–18.9

0.001
<0.001
<0.001
<0.001

0.7
< 0.001
0.004
< 0.001

Table 10. Factors predictive of no AF on AADs after recurrence, AAD = antiarrhythmic
drug; AF = atrial fibrillation; CI = confidence interval; DCCV = direct current cardioversion;
L = late (6–12 mo after ablation); VL = very late (> 12 mo after ablation). *Relative to the E
recurrence group, OR= Odds ratio
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Repeat ablation and outcome
In this study cohort, 290 patients underwent repeat ablation (185 of 245 [75%] in the E group,
70 of 118 [59%] in the L group, and 35 of 76 [46%] in the VL group; P < 0.001) (Figure 5.).
Patients in the E group were the most likely to pursue repeat ablation owing to frequent
symptomatic recurrences (79% in the E group vs. 47% in the L group and 29% in the VL
group; P < 0.001). In patients with recurrences after 6 months, the decision to pursue repeat
ablation was more often driven by patient preference for ablation over continued AADs (31%
in the VL group and 28% in the L group vs. 10% in the E group; P = 0.001), by the need for
cardioversion or by the persistent nature of the AF recurrence (31% in the VL group and 24%
in the L group vs. 13% in the E group; P = 0.01). Two patients in each group underwent a
repeat procedure because of tachycardia-induced cardiomyopathy, tachycardia-bradycardia
syndrome, or episodes of heart failure associated with AF. After the second procedure, 241
patients had at least 1-year follow-up. Patients in the VL group had the highest rate of AF
control (no or rare episodes for each year of follow-up) after repeat ablation (24 of 27 [89%]
vs. 38 of 54 [72%] in the L group and 78 of 160 [49%] in the E group; P < 0.001) (Figure 5).
Other factors predictive of AF control after repeat AF ablation in univariate analysis included
paroxysmal AF, LA size, the duration of AF, recurrences in the blanking period, and the
presence of rare AF after recurrence. In multivariate analysis, the type of AF, LA size, the
duration of AF history prior to ablation, and the time of recurrence after ablation
independently predicted AF control after repeat ablation (Table 11).
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AF control after
repeated ablation (2)

Repeat ablation (1)

Figure 5. Influence of early (E), late (L), and very late (VL) recurrences after catheter
ablation on the rate of repeat ablation and > 1-year atrial fibrillation (AF) control after repeat
ablation in all patients. *P < 0.05; **P < 0.001

LA size (mm)
Paroxysmal AF
AF duration before ablation (y)
AF in the blanking period
Rare AF after recurrence
L recurrence group*
VL recurrence group*

OR
0.9
2.08
0.9
0.5
2.8
2.5
8.4

Table

of

11.

Factors

predictive

Univariate
95% CI
0.92–0.99
1.2–3.5
0.9–0.98
0.3–0.9
1.3–5.9
1.3–4.8
2.4–29.05
AF

control

P
0.03
0.006
0.003
0.02
0.008
0.007
0.001
after

OR
0.9
2.5
0.9
0.7
1.5
1.7
7.4

repeat

Multivariate
95% CI
0.9–0.99
1.2–4.9
0.9–0.98
0.3–1.7
0.5–4.5
0.7–3.9
1.5–36.9

ablation

P
0.03
0.009
0.009
0.3
0.4
0.2
0.014

procedure,

AAD = antiarrhythmic drugs; AF = atrial fibrillation; CI = confidence interval; LA = left
atrium; L = late (6–12 mo after ablation); VL = very late (> 12 mo after ablation). *Relative
to the E recurrence group. OR = Odds ratio

32

Outcome of patients without repeat AF ablation
The 149 patients who did not undergo a repeat ablation had a clinical course that varied based
on the time of their first AF recurrence after the original ablation (Figure 6). Patients with
very late recurrences did extremely well. Of the 41 patients in the VL group who did not
undergo repeat ablation, 15 were free of AF after the initial recurrence and 24 experienced
only rare subsequent AF recurrences (39 of 41 [95%] patients with good outcomes, with a
mean maximum arrhythmia-free interval of 21 ± 7 months). Of the 48 patients in the L
recurrence group, 10 were free of AF and 27 patients had rare AF recurrences (37 of 48 [77%]
patients with good clinical outcome with a mean maximum arrhythmia-free interval of
16 ± 5 months). In contrast, of the 60 patients in the E group who did not undergo repeat
ablation, only 3 patients remained arrhythmia-free and 19 had rare AF episodes after the first
recurrence (22 of 60 [37%] patients with good outcomes, with a mean maximum arrhythmiafree interval of 14.9 ± 3.9 months; P < 0.001 vs. L and VL groups). In patients who continued
to have frequent episodes, 10 patients were treated with rate control, 1 underwent
atrioventricular junction ablation, and 9 patients had been scheduled for a repeat ablation
procedure after the end of the follow-up. Thirty patients had more than 2 episodes per
6 month follow-up window or > 1 cardioversion but declined a repeat AF ablation procedure.
Patients not undergoing repeat ablation with favorable outcome were less likely to have AF
recurrence in the blanking period, less frequently on AAD at the time of AF recurrence after
the blanking period, and had rare episodes in the first 6 months after recurrence. In
multivariate analysis, the time of recurrence after ablation was the only independent predictor
of no or rare arrhythmia episodes and patients in L and VL groups had more favorable
outcome than did patients in the E recurrence group (Table 12).
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Frequent AF post-recurrence
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Figure 6. Influence of early (E), late (L), and very late (VL) recurrences after catheter
ablation on the development of more frequent atrial fibrillation (AF), defined as > 2 AF
episodes or > 1 cardioversion in any 6-month follow-up window. Included are all patients
without repeat ablation and at least 30-month follow-up.

AF in the blanking period
Rare AF in the first 6 mo after first
recurrence
On AAD at the time of recurrence
L recurrence group*
VL recurrence group*

OR
0.2

Univariate
95% CI
P
0.08–0.5
<0.001

OR
0.4

4.5
0.3
5.8
33.3

2.2–9.4
0.1–0.6
2.4–13.7
7.4–142.8

1.2
0.8
3.9
23.8

<0.001
0.002
<0.001
<0.001

Multivariate
95% CI
P
0.1–1.1
0.06
0.4–3.2
0.3–2.4
1.5–10.2
4.6–125

Table 12. Factors predictive of no or rare AF without repeat ablation after recurrence,
AAD = antiarrhythmic drugs; AF = atrial fibrillation; CI = confidence interval; L = late (6–12
mo after ablation); VL = very late (> 12 mo after ablation). *Relative to the E recurrence
group, OR = Odds ratio

Outcomes in paroxysmal and nonparoxysmal AF
Patients with both paroxysmal and persistent AF demonstrated the same influence of the time
of AF recurrence after ablation on clinical outcome (Figure 7, Figure 8, Figure 9).

0.7
0.9
0.004
<0.001
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Figure 7. Influence of early (E), late (L), and very late (VL) recurrences after catheter
ablation on the presence of no or only rare atrial fibrillation (AF) during follow-up and
response to antiarrhythmic drugs (AADs) among all patients (A). Mean follow-up was 41
months. A similar response was observed among patients with paroxysmal (B) and persistent
AF (C). *P < 0.05; **P < 0.001.
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Figure 8. Influence of early (E), late (L), and very late (VL) recurrences after catheter
ablation on the rate of repeat ablation and 1 > year atrial fibrillation (AF) control after repeat
ablation. A: All patients. B: Patients with paroxysmal AF. C: Patients with nonparoxysmal
AF. *P < 0.05; **P < 0.001.

Frequent AF post-recurrence

Frequent AF post-recurrence

Frequent AF post-recurrence
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E Group
(N=60)
L Group
(N=48)
VL Group
(N=41)

E Group
(N=34)
L Group
(N=28)
VL Group
(N=28)

E Group
(N=26)
L Group
(N=20)
VL Group
(N=14)

Figure 9. Influence of early (E), late (L), and very late (VL) recurrences after catheter
ablation on the development of more frequent atrial fibrillation (AF), defined as > 2 AF
episodes or > 1 cardioversion in any 6-month follow-up window. Included are all patients
without repeat ablation and at least 30-month follow-up (A). In contrast to patients with early
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recurrences, patients with late recurrences typically had good outcome with no or infrequent
AF during long-term follow-up. Results were similar for patients with paroxysmal (B) and
persistent AF (C).

Results 3.
Mechanism of postoperative atrial tachycardias
One hundred patients had 151 atrial tachycardias (ATs) during 127 procedures—88 (58%)
CTI-dependent flutters, 34 (22.5%) RA incisional tachycardias, 12 (8%) perimitral flutters, 4
(3%) LA roof dependent flutters, 1 (0.7%) upper loop reentry, an unmapped LA flutter (failed
transseptal access), and 11 (7%) focal ATs. Eighty-eight patients had CTI-dependent flutter,
and 49 patients had at least one non-CTI-dependent flutter. Eleven patients had focal atrial
tachycardia. Focal ATs originated from the vicinity of surgical scar in 4 (36%) of 11 cases
(three from the RA free wall atriotomy, one from a septal ASD patch). Other origins of focal
AT were at the LA roof, the pulmonary veins and the mitral ring in two (18%) patients each
and the tricuspid ring in one (9%). In the case of 15 patients, atrial fibrillation was also
observed during the procedure. The CARTO™ XP system was used for mapping in 69
procedures. Most CTI-dependent AFLs (64%) were ongoing at the commencement of the
procedure, while 18% occurred by transformation during ablation of another AT and 18%
were

induced

by

extrastimulation

during

sinus

rhythm.

The

proportions

of

ongoing/ transformed/ induced ATs were 41%/ 35%/ 24% of RA incisional, 67%/ 17%/ 17%
of perimitral, 50%/ 25%/ 25% of roof dependent flutters, and 18%/ 46%/ 36% of focal
tachycardias.

Distribution of atrial tachycardias between surgical groups
Of the 20 patients with RA appendage cannulation, 19 (95%) had CTI-dependent flutter, three
(15%) had a non-CTI-dependent AFL, and none had focal AT. All non-CTI-dependent AFLs
in this group were RA incisional tachycardias related to the cannulation site of the RA. In
patients with RA free wall atriotomy, a CTI-dependent AFL was seen in 30 of 32 (94%)
patients, a non-CTI-dependent AFL in 13 (41%) and focal AT in four (13%). Eleven of the 13
(85%) non-CTI-dependent AFLs were RA incisional tachycardias related to the right
atriotomy; there was one (8%) perimitral AFL and one upper loop reentry in this group.
Among patients with transseptal LA atriotomy the frequency of CTI-dependent flutter was
83% (34 of 41 patients), while at least one non-CTI-dependent AFL was seen in 30 patients
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(73%). One patient (2%) had two non-CTI-dependent circuits. Focal AT occurred in six
(15%) patients. The most frequently encountered non-CTIdependent AFL was again RA
incisional tachycardia—20 of 31 circuits (65%), while seven (23%) perimitral and three
(10%) LA roof-dependent AFLs were mapped in this group. One LA AFL was not mapped
due to failed transseptal access. Five of seven (71%) patients had CTI-dependent AFL in the
direct LA atriotomy group and four patients (57%) had non-CTI-dependent AFLs. One patient
(14%) had two non-CTI-dependent circuits and one had focal AT. Perimitral was the most
common non-CTI-dependent AFL—4 of 5 (80%) circuits, while one (20%) LA roofdependent AFL was diagnosed in this group.

Comparison of AT mechanisms between surgical groups
The frequency of CTI-dependent AFL was not different between groups (P = 0.195). A nonCTI-dependent AFL, on the other hand, was seen progressively more frequently with more
extensive atrial incisions (P < 0.001)—15% of patients who had simple venous cannula
insertion, 41% and 57% after RA and LA atriotomy, respectively, and 73% of patients after
biatrial access (transseptal left atriotomy). After operations involving the RA, the most
common nonCTI-dependent circuit was that of a RA incisional tachycardia, seen more
commonly in patients who had RA atriotomy as opposed to those who had only RA
appendage cannulation (43% vs. 15%, P = 0.024). Perimitral AFL was seen more frequently
in cases where the LA was opened compared with operations involving only the RA—22%
versus 2%, respectively (P =0.002), and the same was true for LA roof-dependent AFL (8%
vs. 0% P = 0.041). There was no significant difference in the frequency of focal AT between
groups (Table 13.)
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Atrial tachycardia

CTI-dependent AFL
Non-CTI-dependent AFL
RA incisional
Perimitral
LA roof-dependent
Focal AT

Atrial incision
RA
RA atriotomy
cannulation
(n=20)
(n=32)

Transseptal LA atriotomy

Direct LA atriotomy

(n=41)

(n=7)

95%
15%
15%
0%
0%
0%

83%
73%
49%
17%
7%
15%

71%
57%
0%
57%
14%
14%

94%
41%
34%
3%
0%
13%

P value

0.191
<0.001
0.013
<0.001
0.147
0.365

Table 13. Comparison of AT mechanisms between surgical groups, RA right atrium, LA left atrium, CTI cavotricuspid isthmus, AFL atrial
flutter, AT atrial tachycardia.
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Multivariate analysis
Age, sex, history of hypertension, congenital heart disease, ischemic heart disease, valve
surgery and preprocedural echocardiographic dimensions (LA diameter, end-diastolic, and
end-systolic left ventricular diameter) were analyzed in respect to the different AT
mechanisms. When any of these parameters was significantly related to a specific AT, it was
included in multivariate analysis using logistic regression. No predictor was recognized for
CTI-dependent AFL, which was equally prevalent in all groups. With non-CTI-dependent
AFL, surgical group and larger LA diameter showed significant correlation, but only surgical
group proved to be an independent predictor in multivariate analysis (P <0.001). Only
surgical group was associated with RA incisional tachycardia (P = 0.011). Perimitral AFL
besides being related to surgical group showed a positive association with LA diameter
(P = 0.039) and valve surgery (P = 0.016), negative association with left ventricular enddiastolic and end-systolic diameters (P = 0.030 and P = 0.043, respectively). With
multivariate analysis surgical group and end-systolic diameter remained independent
predictors of perimitral AFL (P = 0.019 and P = 0.036, respectively). Left atrial atriotomy was
the only predictor for LA roof-dependent AFL (P = 0.041). No predictor was identified for
focal AT.

Radiofrequency ablation
In the case of CTI-dependent AFLs, linear ablation of the CTI was performed until
termination of the tachycardia and establishment of bidirectional conduction block of the CTI.
This was successful in 87 of 88 (99%) cases, while in one case AFL terminated, but CTI
block could not be achieved. All 34 RA incisional tachycardias were ablated successfully:
tachycardia terminated in 28 cases when a linear ablation lesion was placed between the
atriotomy and the inferior vena cava, in one case between the atriotomy and a septal scar, in
two cases between the atriotomy and the tricuspid ring, and in three cases when narrow
channels were closed within the scar of the lateral RA atriotomy. Complete conduction block
along these lines was confirmed by electroanatomical mapping demonstrating an activation
detour during pacing close to the line in all cases. In case of perimitral flutter linear ablation at
the mitral isthmus was attempted first, except for one case where a narrow channel was noted
between the anteroseptal atriotomy scar and the mitral annulus. A single radiofrequency
lesion at this site terminated the tachycardia and rendered it noninducible (Fig.3.). Mitral
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isthmus ablation led to the termination of the arrhythmia and development of conduction
block in six of the other 11 (54.5%) cases. In two of the remaining five cases epicardial
ablation in the CS at the level of the endocardial ablation line led to conduction block, while
in three cases this was also unsuccessful. In one of these cases, the tachycardia terminated, but
conduction block could not be achieved, and in one other case, an anterior ablation line from
the mitral annulus to the left upper pulmonary vein terminated the AFL. Perimitral AFL of
one patient could not be terminated by ablation. Three off our LA roof-dependent AFLs were
ablated by linear ablation between upper pulmonary veins and one by mitral isthmus ablation.
All focal ATs were successfully terminated by ablation and rendered noninducible.

Follow up
Twenty-one patients were lost to follow up; the rest were followed for 19 ± 15 months.
Seventeen patients (22%) had recurrent AFL, and 21 (27%) had atrial fibrillation during
follow up. Recurrent AFL was more common in patients who had operations involving the
LA (8% vs. 30%, P = 0.015). Patients who developed atrial fibrillation during follow up had
larger LA diameter (57 vs. 52 mm, P = 0.028). No other parameters showed an association
with recurrent AFL or atrial fibrillation.
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Discussion
1.
We investigated clinical and echocardiographic parameters for AF recurrence after RFA in
patients with persistent and longstanding persistent nonvalvular AF, and found LA size
measurements in the 4C view, including length, area, and both maximum and minimum
volumes, to be superior to any other diastolic function parameters and directly measured LA
pressure in association with recurrence in this patient population.
Echocardiography is a very important tool to evaluate AF patients. Several studies showed
that LA enlargement was a well-recognized risk factor for recurrence after cardioversion and
catheter ablation.33-35 Recent studies showed that noninvasive assessment of LV filling
pressure can help to predict recurrence after SR is restored.12
The restoration of SR is much more challenging in patients with persistent and longstanding
AF, probably due to more advanced remodeling. The previous studies evaluated the predictors
in a mixed study population including paroxysmal, persistent, and longstanding persistent AF
patients.36,37,12,13 Our study focused on patients with persistent and longstanding persistent AF
and we evaluated clinical, invasive, and noninvasive diastolic function parameters. Our
finding highlighted the significance of LA enlargement in ablation outcome in these patients.

Clinical Parameters and Recurrence of AF
We found that the duration of AF prior RFA was the only significant clinical parameter
correlated with AF recurrence. A recent study also showed that the duration of AF is an
important predictor of SR maintenance after RFA, although the literature is controversial
regarding this finding.11,36,38 Longstanding AF may lead to atrial fibrosis and the development
of

AF

substrate

through

structural

remodeling.

AF

associated

structural

and

pathophysiological changes are very important factors that promote remodeling10 and might
have a role in catheter ablation outcome.

Echocardiographic Parameters and Recurrence of AF
Our study is the first to evaluate both the invasive and noninvasive diastolic function
parameters in association with AF recurrence after RFA in one setting in patients with
persistent AF. Recent studies showed that diastolic function parameters might be able to
predict AF recurrences after PVI; however, these parameters were assessed individually. LAV
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assessed by computer tomography was shown to be a potential predictor of AF recurrence.14,36
The ratio of E/E’has been shown to be a useful parameter to predict SR maintenance.12 LA
remodeling plays an important role in initiation and perpetuation of AF. The reversibility of
this remodeling depends on the strength and the duration of exposure to stressors. The most
common stressors of atrial myocytes are volume/pressure overload and tachycardia. Increased
volume/pressure overload leads to chamber dilatation and stretch of the myocardium,
providing a substrate for AF.10 Supporting this concept, LA size has been shown to
correspond with atrial fibrosis39 and the development of fibrosis leads to LA dilation and
subsequently AF.40 Although the mean LAP was not significantly different in patients with
and without arrhythmia recurrence, the structural changes shown by LAV parameters may
reflect duration of exposure. We suspect that the 4C view measurements are superior for LA
size because the entire LA is well visualized in this view due to optimized ultrasound probe
position for this view as compared to the 2C or the parasternal long axis view. A recent study
showed minimal LAV might be superior to maximum LAV for prediction of first AF and/or
atrial flutter in an elderly cohort.41 Our results substantiate this study in a younger population
with persistent AF. LA minimum volume might be less dependent on loading conditions than
LA maximum volume, and is therefore a better presentation of LA size.

2.
The major finding of this study is that the time to AF recurrence after catheter ablation
dramatically influences clinical outcome. The longer the time to AF recurrence, the more
likely that a patient will have a good clinical course with infrequent additional AF episodes,
more drug responsiveness and an excellent response to repeat catheter ablation.

Comparison with previous studies
The benign pattern of very late AF recurrences has been previously suggested.42,43 However,
these prior studies were limited by small size and included few patients with nonparoxysmal
AF.42,43 Our study is unique in reporting long-term outcome of a large cohort of patients with
paroxysmal and nonparoxysmal AF with after ablation AF recurrences after the initial
procedure. Our study is also unique in its attempt to define outcome based on the time of
recurrence after ablation by dividing the population into 3 clinically meaningful subgroups:
early recurrences (3–6 months), late recurrences (6–12 months), and very late recurrences
(>12 months) after ablation. Furthermore, we sought to identify (1) patients with only rare AF
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episodes during the long-term follow-up after the first AF recurrence and (2) responsiveness
to AADs and repeat catheter ablation, as indices of a more “benign” clinical course. Patients
with recurrences in the first 3–6 months after ablation represented the largest group in our
study. These patients had the least favorable outcomes in that most had subsequent frequent
AF and did not respond to new AADs when tried. Most of these patients were already on
AADs (59%), and a decision to pursue repeat ablation was frequently chosen as the preferred
therapeutic option. The outcome was worse in comparison to the other groups after the second
ablation attempt, and significantly more ablation procedures were necessary in this group to
achieve a level of AF control comparable to those with late rrecurrences. Patients with
recurrences between 6 and 12 months have been previously designated as both early
recurrences and late recurrences.44,45 However, we showed that this group of patients is
clinically different from patients with recurrence between 3 and 6 months after ablation and
those with recurrence > 12 months after ablation. This group represents an “intermediate”
group, with outcomes after recurrence falling between those of patients who had E and VL
AF recurrences. In this large consecutive group of patients, we demonstrate that patients with
VL recurrence are less common than those who recur earlier after ablation. Our incidence of
6.4% for late AF is comparable to the 5.0%–7.8% reported in smaller series.46 Importantly,
additional AF recurrences after 1 year tend to occur as rare episodes and have a better
response to AADs. Even patients with recurrence after a year who had frequent AF episodes
responded better to AADs than their counterpart patients whose AF recurred earlier after
ablation. In addition, patients with very late recurrences underwent less repeat ablations, and
when performed, the results of repeat ablation were associated with better clinical outcome.
Most patients ultimately could be maintained off AADs. It is important to note that a
significant number of patients with recurrence after AF ablation had a good clinical outcome
after a single procedure, although they were not completely arrhythmia-free. In patients with
AF recurrences after 6 and 12 months who did not undergo repeat ablation, our data show
77% and 95% of these patients, respectively, experience no or very sporadic AF episodes
after their initial recurrence, with long arrhythmia-free intervals (Figure 9).

Other factors associated with the time of recurrence after AFablation and clinical outcome
There was a higher incidence of recurrences in the blanking period in patients with E
recurrences in comparison to those with L or VL recurrences (82% vs. 54%; P = 0.001). This
suggests that patients included in the E group represent a subset of patients who may have
already developed acute PV reconnection. Of interest, patients with E recurrences also had a
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longer history of AF in comparison to those with VL recurrences, which may imply that these
patients have a more arrhythmogenic substrate. It is well described that AF promotes atrial
remodeling, which leads to a more resistant substrate for treatment.10 Longer duration of AF
has been shown to be an independent predictor of recurrences after ablation in previous
studies,45 and we have shown that it is also an independent predictor of frequent arrhythmia
episodes after the initial recurrence and repeat ablation. In addition, recurrence during the
blanking period predicted more frequent subsequent AF episodes and a more troublesome
clinical course. Nonparoxysmal AF is associated with worse outcome after catheter ablation.
However, it is of interest that both patients with paroxysmal and nonparoxysmal AF in the E
recurrence group had a poorer response to AADs, were unlikely to have only rare AF during
subsequent follow-up (Figure 1), and had a worse outcome after repeat ablation. These
findings highlight the primary influence of the time of recurrence on clinical outcome
regardless of AF type.

Mechanistic implications for the influence of the time of recurrence after ablation on
subsequent clinical outcome
While 97% of the patients undergoing repeat AF ablation have reconnected PVs, it could be
that patients with late recurrence have less extensive areas of reconnection, which result in
more limited PV to LA conduction and, consequently, fewer recurrences and better response
to AADs. Verma et al47 reported that patients who maintained sinus rhythm on AADs had a
significant conduction delay between reconnected PVs and the LA whereas patients who did
not respond to AADs had only a minimal conduction delay. In the present study, we did not
find differences related to primary ablation strategy and time of recurrence, possibly because
of the uniformity of the ablation procedure during the study period.

3.
This study has shown that the finding of non-CTI-dependent AFL at electrophysiology study
performed for clinical AT occurring late after open heart surgery is strongly associated with
the atrial incisions applied during the operation. While CTI-dependent AFL is the most
common AT in all groups, a non-CTI-dependent, atypical AFL becomes progressively more
common with more extensive atrial incisions. Of the different non-CTI-dependent circuits,
RA incisional tachycardias dominant after surgery involving the RA, while a perimitral or LA
roof-dependent circuit can be expected after LA operations. Focal AT was not correlated with
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atriotomy, but—other than the typical predilection sites—showed a tendency to originate
from the vicinity of surgical scar.

Comparison with previous studies
Lukac et al.
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could not show a difference in the distribution of different atrial tachycardias

developing after cardiac surgery for a wide range of indications. They included patients with
complex congenital heart disease, heart transplantation, and maze procedure and adopted a
classification for AT based only on the mechanism ("incisional" and "not incisional") rather
than the location of the circuit. Our patients represent a more routinely encountered
population with postoperative arrhythmias presenting to a center not specifically involved in
the management of patients after heart transplantation. Furthermore, our classification of AT
is different: not only by mechanism (focal or AFL) but by the common location (e.g., RA free
wall) and ablation strategy of the AT. For the above reasons, our results are not directly
comparable to those of Lukac et al. Nevertheless, they also show the most frequent AT late
after cardiac surgery to be CTI-dependent AFL. Also, the reported frequencies of RA
incisional tachycardia among their patients comparable to our groups (after right lateral
atriotomy and transseptal approach to the mitral valve) are very similar to our results (33%
and 40%, respectively).48 In the largest reported series of postoperative AFL, Aktas et al.
found CTI-dependent AFL to be most common. Similar to our results, the indication for
surgery (valve- or onvalve-related) did not influence the type of AFL. However, the
association between atrial incisions and type of AFL was not specifically studied.23

Cavotricuspid isthmus-dependent postoperative flutter
Functional and/or fixed block to impulse propagation between the venae cavae favors the
development of this arrhythmia after heart surgery.49,50 Many studies have found the dominant
role of the CTI in postoperative AFL mechanism23,24,48, while others have shown incisional
tachycardia, depending on an isthmus bordered by an atrial incision to be most frequent.19, 25,
51-53

In the study by Anné et al.18, CTI-dependent flutter predominated in the congenital heart

disease group, while RA incisional tachycardia was more frequent in a group of patients with
acquired heart disease and mostly mitral valve operations. According to our results, CTIdependent AFL is the most common AT after open heart surgery in all groups, and the
relative frequencies of CTI-dependent and non-CTI dependent AFL circuits are related not to
the underlying heart disease but more to the atrial incisions created during the operation.
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Right atrial incisional tachycardia
While an intercaval line of block favors classical AFL development, a sufficiently long, fixed
barrier in the RA free wall may predispose to incisional tachycardia.49,54A surgical incision on
the RA free wall facilitates the development of this arrhythmia, however, the extent and
position of the lesion seems to be an important factor. In this study, among patients who
underwent venous cannulation only (at the RA appendage), 15% had RA incisional
tachycardia, but among patients who had a long RA free wall atriotomy, this AT was seen in
43% (Fig. 2.). This latter group comprised patients after open cannulation of the coronary
sinus for retrograde cardioplegia, a procedure reported previously to be arrhythmogenic55 and
to favor RA incisional tachycardia.25 Also included in this group were patients after atrial or
ventricular septal defect closure or tricuspid valve operation. These operations are also known
for their potential to result in late RA incisional AFL.56 This tachycardia was found to be most
common (49% of patients) when the RA free wall atriotomy was prolonged to the roof of the
RA, between the superior caval vein and the tricuspid annulus, and further onto the interatrial
septum during transseptal LA atriotomy. The longer incision may favor peri-lesional AFL by
a longer path length of reentry, more likely development of slow conduction at sites of
reconnection along the long lesion or in the longer corridor between the incision and the
tricuspid annulus.57 Also, the more anteriorly placed incision is more likely to cause periincisional reentry as shown by Tomita et al.49 The rotating wavefront either uses the isthmus
between the incision and the inferior caval vein, or a channel of reconnection along the lesion,
but always uses at least some part of the corridor between the incision and the tricuspid
annulus. Reconnection can occur anywhere along this line thereby connecting the two sides of
the incision and closing the reentrant circuit, which can be located both septally 58 or more on
the free wall57 in this group of patients. Isolated channels or a narrow corridor might allow for
focal ablation.19, 58 Otherwise, the arrhythmia can be terminated by a linear lesion connecting
the incision to another barrier: the inferior vena cava or tricuspid annulus.60 This suggests that
extension of the incision towards the inferior caval vein and/or surgical ablation to connect
with the tricuspid annulus at the time of surgery might prove to be effective against the future
occurrence of this arrhythmia.

Left atrial flutters
The LA is a much less common site than the RA for AFL, both in patients with and without
prior cardiac surgery.23 Nevertheless, the finding of LA flutter is more frequent after
surgery.23 Similarly to classical peritricuspid flutter after RA incisions, surgical scar in the LA
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may pave the way for perimitral reentry. This is supported by the fact that this arrhythmia was
seen almost exclusively after operations involving the LA in this series. However, similar to
previous experience61,62, roof-dependent LA flutters also occurred in this group of patients,
using the pulmonary veins and LA scar as the central obstacle.

Focal atrial tachycardia
Focal AT was an uncommon finding in these patients late after open heart surgery, similarly
to previously reported series of operated congenital heart disease.63 The arrhythmia originated
from the vicinity of surgical scar in more than one third of the cases—a previously reported
finding after operation for congenital heart disease.22 Other sites of origin of focal AT,
including the AV rings and pulmonary veins, are typical predilection sites in normal hearts
also.64
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Conclusion
Atrial fibrillation and atrial flutter play an essential role in atrial remodeling, and atrial
tachycardias lead to several adverse clinical consequences such as impairment of quality of
life, embolic events and congestive heart failure. Catheter ablation is a very important tool in
the treatment of these atrial tachycardias, hereby it helps to slow down and inhibit the process
of remodeling. Optimal patient selection, the detailed knowledge of atrial anatomy and the
type atrial incisions applied during open heart surgery could be the key to the success of the
procedure.
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New observations
1. Results of this study demonstrate the importance of indexed LAV in association with
recurrence in patients with persistent and longstanding persistent AF undergoing RFA. The
duration of persistent AF also has a negative impact on AF ablation success. These findings,
along with the results from prior studies, suggest that PVI success remains difficult to predict,
but the longer duration of AF and larger indexed LAV are strongly associated with recurrence
and should be incorporated into the recurrence stratificationin patients with persistent and
longstanding persistent AF.

2. In patients with AF recurring after catheter ablation, the time to recurrence is a significant
predictor of subsequent clinical outcome. Patients with later recurrences (1) are more likely to
have sporadic AF episodes, (2) can be better managed with AADs, and (3) have better results
after repeat ablation.

3. For the electrophysiologist treating operated patients with AT, it is very important to
review surgical records and clarify the specific atriotomy used, since different approaches
result in different AT mechanisms. Modification of the surgical technique might be effective
against the future occurrence of AT in these patients. For example, avoiding RA incision by
using direct LA atriotomy instead of the transseptal approach has been shown to be associated
with less frequent occurrence of AT.65
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