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Happy Holidays !!

Dear Colleagues
We thank you for your continued interest and patronage of 

the Journal of Atrial Fibrillation. We appreciate your patience in 
enduring some of the hiccups we had in the submission and review 
process. Starting January 1st, we will be upgrading our site to ensure 
easier submission, navigation and communication. We also had some 
technical glitches in the PUBMED uploading software. These issues 
have been addressed and you should see significant changes on these 
fronts.

Hope you had a great Thanksgiving weekend. With the Holidays, 
close by we are sure the clinical activity is in high gear. December is 
probably going to be relatively quiet from the stand point of academic 
activity. We will probably see some of you at the AF, VT and VF 
Symposium in Chicago this weekend.

In this issue of the Journal, we have several exciting articles ranging 
from atrial fibrosis and left atrial appendage leak closure. As always, 
we strive to bring high quality educational material to you. We 
encourage you to consider JAFIB to publish your work. If you are 
interested in contributing some high value review articles we will be 
happy to feature them in the upcoming issues of the journal.

We wish you a Merry Christmas and Happy Holidays.

Have a great summer.
Best wishes
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Clinical Vignette 1: 
    Especially, A 53-year-old man with history of severe mitral regurgi-
tation and paroxysmal atrial fibrillation (AF) with preserved left ven-
tricular ejection fraction (LVEF) undergoes mitral valve repair and 
MAZE procedure and presents a year later with a 2-month history 
of progressive fatigue, exertional dyspnea, and dry cough. His blood 
pressure was 116/74 mm Hg and, heart rate (HR) was 95 beats per 
minute (bpm). Physical exam revealed an irregular rhythm, bibasilar 
lung crackles and peripheral edema. Echocardiogram showed normal 
mitral valve function left ventricular (LV) end-diastolic dimension 
of 6.3 cm with severe LV dysfunction (LVEF 20-25%) and global 
hypokinesis. Coronary angiogram showed no obstructive disease. A 
12-lead electrocardiogram (ECG) is shown [Figure 1]. 
What is the optimal management strategy for this patient?

Introduction
Heart failure (HF) is increasing worldwide and identifying a 

potentially reversible cause for HF and cardiomyopathy (CMP) can 
lead to appropriate management with improvement in symptoms 
and LVEF.[1] Arrhythmia-induced cardiomyopathy (AIC) is an 
important, potentially reversible cause of HF. The first description 
of AIC dates back to 1949 when Philips and Levine recognized that 

rapid AF can lead to HF in patients with otherwise normal hearts.[2] 
Despite the awareness in medical literature for many years, AIC still 
remains under-recognized.

AIC can be defined as a clinical entity in which a pathologic 
tachyarrhythmia or frequent ectopy ultimately leads to LV 
dysfunction and systolic HF.[3] Cardiomyopathy from arrhythmias 
can happen de novo in a structurally normal heart (arrhythmia-
induced) or can be superimposed on pre-existing structural heart 
disease (arrhythmia-mediated).[1] The characteristic feature of AIC 
is recovery of LV function, either complete or in part, following 
elimination or adequate suppression of the arrhythmia.
Causes of AIC:

Several arrhythmias can result in AIC and are listed in [Table 
1].[3] A clear threshold HR for development of AIC does not exist; 
however, several arrhythmia-related factors contribute to AIC.[1] A 
study in patients with focal atrial tachycardia (AT) showed that those 
with slower, unremitting tachycardia had a higher risk for developing 
AIC.[4] In terms of premature ventricular contractions (PVCs), a high 
daily burden of PVCs appears to be a major predictor for AIC.[5], [6]

Epidemiology
Age is not a barrier for AIC development as it can affect patients in 

intrauterine life, infancy, childhood and adulthood.[1], [7] The common 
types of arrhythmias resulting in AIC do differ in adults and children. 
AIC is most commonly secondary to AF in adults.[8] Atrial ectopic 
tachycardia (59%) and permanent junctional reciprocating tachycardia 
(23%) are common causes of AIC in children.[1] AIC can occur in 
patients with structural heart diseas.[1] as well as in transplanted 
hearts.[9] Some role for genetic predisposition in development of AIC 
has been found but literature on this is limited.[1] It is anticipated 
that several other factors might also be playing a role in patient’s 
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Abstract
Arrhythmia-induced cardiomyopathy (AIC) is a clinical condition in which a persistent tachyarrhythmia or frequent ectopy contribute to 

ventricular dysfunction leading to systolic heart failure. AIC can be partially or completely corrected with adequate treatment of the culprit 
arrhythmia. Several molecular and cellular alterations by which tachyarrhythmias lead to cardiomyopathy have been identified. AIC can 
affect children and adults, can be clinically silent in the form of asymptomatic tachycardia with cardiomyopathy, or can present with manifest 
heart failure. A high index of suspicion for AIC and aggressive treatment of the culprit arrhythmia can result in resolution of heart failure 
symptoms and improvement in cardiac function. Recurrent arrhythmia, following recovery from the index episode, can hasten the left 
ventricular dysfunction and result in HF, suggesting persistent adverse remodeling despite recovery of left ventricular function. Several 
aspects of AIC, such as predisposing factors, early diagnosis, preventive measures to avoid adverse remodeling, and long-term prognosis, 
remain unclear, and need further research.
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predisposition to develop AIC, but are not well understood. It is 
likely the interplay of arrhythmias and patient characteristics that 
determine the transition from arrhythmia to cardiomyopathy. In 
children, about 28% of patients with AET develop AIC.[1] Among 
the adult population, about 10% of those with focal AT[4], and about 
9-34% of those with PVCs or non-sustained ventricular contractions
have been shown to develop AIC.[1] There are inherent selection 
biases in these data. The accurate incidence and prevalence of AIC 
remains to be defined. 
Mechanisms:

Diligent investigations on carefully constructed animal models 
have helped further the mechanistic relationship between arrhythmia 
and CMP. Much of the seminal work in this arena was conducted 
by Dr. Francis Spinale and colleagues[10]-[12], who used a model of 
rapid-pacing induced CMP. A full discussion of the pathogenetic 
mechanisms underlying AIC is beyond the scope of this review 
but a brief overview of the cellular, extracellular, biochemical and 
contractile changes in response to tachycardia is provided in [Figure 
2]. Data from animal models, however, are not easily translated to 
clinical practice as several gaps in our knowledge exist regarding 
arrhythmia-specific pathophysiological mechanisms.
Clinical Features:

AIC can have varied presentations. In utero, AIC can present as 
hydrops fetalis.[7] In children and adults, the presentation of AIC 
can vary from asymptomatic arrhythmia with cardiomyopathy to 
end-stage HF. As the name suggests, there are 2 components of 
AIC- arrhythmias and an unexplained CMP. Arrhythmias may be 
apparent if the patient has symptoms or already have a pre-existing 
diagnosis. However, many patients might be asymptomatic from 
arrhythmias making early diagnosis difficult. Furthermore, expression 
of symptoms by children might be a challenge in this sub-group of 
patients. In these patients, AIC may not be detected till manifest HF 
develops.[1]

The relationship between arrhythmias and CMP can oftentimes 
create confusion as to whether the arrhythmia is the cause or culprit of 
CMP. Frequently, arrhythmias are not aggressively treated, resulting 
in worsening of CMP and HF. The following clinical scenarios 
should raise suspicion for either arrhythmia-induced or arrhythmia-
mediated CMP.

a. Simultaneous presentation of a tachyarrhythmia/frequent ectopy

and systolic HF from LV dysfunction in a patient with no prior 
cardiac disease.

b. Asymptomatic CMP in the setting of a persistent arrhythmia or
frequent ectopy.

c. A patient with known structural heart disease or CMP now with
worsening LV dysfunction and HF secondary to an arrhythmia.

The above-mentioned case scenarios are not diagnostic for AIC, 
as all of them could have other causes for HF and/or CMP. But it is 
crucial that AIC is considered high up in the differential diagnosis 
list and the arrhythmia managed aggressively given the potential 
for partial or complete reversibility of HF and LV dysfunction in 
AIC, irrespective of underlying structural heart disease. In summary, 
whenever arrhythmias and HF co-exist, one should have a high 
index of suspicion for AIC and aggressive treatment of both becomes 
necessary.

The following clinical scenario illustrates the challenges of the 
above-mentioned possibilities, and the significance of a correct 
diagnosis.
Clinical Vignette 2:

A 70-year-old female with history of dilated nonischemic CMP, 
ventricular tachycardia (VT) by records and status post implantable 
cardioverter defibrillator (ICD) implantation at an outside hospital 
5 years ago, was evaluated for ICD repositioning for radiation 
therapy for breast cancer. Patient was on digoxin, beta-blocker 
and amiodarone. Clinical exam was unremarkable. 12-lead ECG 
showed HR of 64 bpm and no other abnormalities. Echocardiogram 
showed an LVEF of 60%. (LV end diastolic diameter of 5.1 cm). No 
arrhythmias were seen on device interrogation. Her ICD generator 
was removed, amiodarone and digoxin were stopped and lisinopril 
was added. The patient completed her radiation therapy for breast 
cancer but few months later, complained of palpitations and fatigue 
but no HF symptoms. 12-lead ECG [Figure 3] showed sinus rhythm 
with ventricular bigeminy of a left bundle branch block, inferior axis 
morphology. A 24-hour Holter monitor showed a PVC burden of 
36%. Repeat echocardiogram showed an LVEF of 30% and global 
hypokinesis. 

PVC-mediated AIC was suspected and patient underwent EP 

Table 1: Reproduced with permission from Gopinathannair R et al, JACC
2015 (reference # 1).

Causes of Arrhythmia-Induced Cardiomyopathy

Superventricular

Atrial fibrillation

Atrial flutter

Atrial tachycardia

AV nodal re-entrant tachycardia

AV re-entrant tachycardia

Permanent junctional reciprocating tachycardia

Junctional ectopic tachycardia

Ventricular

Idopathic ventricular tachycardia

Fascicular tachycardia

Ectopy

Frequent premature ventricular contractions

Frequent premature atrial contractions

Pacing

Persistent rapid atrial abd/or ventricular pacing

 AV=atrioventricular

Figure 1:
12-lead ECG showing atrial flutter with variable AV block 
suggestive of left atrial origin. Ventricular rate is about 95 beats
per minute
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study where PVCs were mapped to the posterior right ventricular 
outflow tract and was successful ablated [Figure 4]. Her functional 
capacity significantly improved within a few weeks and TTE 8 months 
after ablation showed LVEF of 41%. Another TTE performed 28 
months after ablation showed complete recovery of LVEF (56%) and 
right ventricular function. Beta-blockers and angiotensin-converting 
enzyme inhibitors (ACEI) were continued during this period. 

Looking at this case retrospectively, it is likely that her initial 
diagnosis of dilated CMP and VT was PVC-induced. Amiodarone 
use might have resulted in decline of her PVC/VT burden leading 
to improvement of LVEF. The patient developed high PVC burden 
several months after amiodarone was stopped, resulting in CMP. The 
longer recovery time for LVEF could suggest persistent ultrastructural 
changes from her initial diagnosis of CMP.
Diagnosis:
   Diagnosis of AIC can be challenging at times. Physical exam 
findings can often be non-specific and standard imaging may not 
be able to differentiate AIC from dilated CMP and consequent 
arrhythmia.
   Several studies have reported findings that might help in early 

 Interventions to Control Arrhythmias
     This is critical for ensuring recovery and should be done as early 
as possible in these patients.
Rate Control Therapy
      Different agents alone or in combination can be used to achieve 
rate control in AF. Although lenient rate control (<110 bpm at rest) [16] 
is comparable to strict rate control, there has been debate over target 
HR in AIC patients. However, in certain AF patients[17], irregular 
rhythm by itself can lead to LV impairment despite adequate rate 
control therapy. Thus, a rhythm control strategy may be needed in a 
large portion of AF patients.[1]

Rhythm Control Therapy
   Rhythm control strategies include electrical cardioversion, anti-
arrhythmic drugs (AAD), and catheter ablation. AADs are often 
used for pharmacologic cardioversion and for maintenance of 
sinus rhythm. They are also useful for PVC-mediated and other 
supraventricular arrhythmia mediated AIC if catheter ablation is not 
feasible, not desired, or was unsuccessful.[1]

   A study of 58 patients with AF and HF [18] showed that pulmonary 
vein isolation improved LVEF and functional status regardless 
of underlying heart disease and adequacy of rate control prior to 
ablation. In patients with AF and HF, catheter ablation has also been 
shown to be more effective than atrioventricular (AV) node ablation 
and biventricular pacing.[19] A study on 203 patients with persistent 
AF and HF showed that catheter ablation is better than amiodarone 
in terms of long-term efficacy and LVEF improvement.[20] Catheter 
ablation should be considered the treatment of choice for atrial flutter, 
focal AT and other supraventricular arrhythmia-induced CMP.[1] A 
meta-analysis of 158 studies [21] showed that catheter ablation has 
approximately 91% success rate for atrial flutter and a low risk of 
complications. However, one should follow these patients closely 
given the risk for development of AF with time. Medi et al has shown 
excellent results with catheter ablation for focal-AT mediated AIC.[4]

  For PVCs, catheter ablation has higher success rates than 
AADs in reducing frequency of PVCs and in improving cardiac 
function.[22] PVCs have been associated with poor response to 
cardiac resynchronization therapy (CRT) in some HF patients. 
Radiofrequency ablation of PVCs in these patients improves LV 
function and can enhance efficacy of CRT.[23]

    Conflicting evidence exists as to the efficacy of rate versus rhythm 

Figure 2:

Figure explaining pathophysiology of arrhythmia-induced 
cardiomyopathy (AIC).It shows the time course of events that 
happen in response to rapid pacing in animals. Defects at level 
of ECM and cellular remodeling, along with defects in handling 
of calcium by cells and neurohormonal activation ultimately leads 
to left ventricular dysfunction and heart failure. Reproduced with 
permission from Gopinathannair R et al, JACC 2015 (reference # 1)

diagnosis. Absence of late gadolinium enhancement on cardiac 
magnetic resonance imaging might rule out underlying structural 
heart disease.[13] LVEDD has been noted to be lower in AIC 
patients, when compared to patients of dilated CMP.[14] Unipolar 
electroanatomic mapping can be helpful in differentiating AIC from 
irreversible CMP patients.[14] It was shown in a study that rapid 
decline of NT-pro B-type natriuretic peptide levels at one week 
following arrhythmia suppression favors the diagnosis of AIC.[15] 

Ultimately, recovery of LV function following successful treatment 
of the arrhythmias helps confirm the diagnosis of AIC.[1]

Management Strategies:
Management of AIC should involve the following:-
(1) Aggressive treatment of culprit arrhythmia with a goal for cure,
(2) Acute treatment for HF, (3) Close surveillance and continuation
of standard neurohormonal antagonists as patient’s LV function
improves over time.

Figure 3:
12-lead ECG showing sinus rhythm with frequent premature
ventricular contractions (PVCs) having a left bundle branch block,
inferior axis morphology
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Continuation of HF therapy as patient’s LV function improves 
over time
    Following arrhythmia control, LV function generally improves 
over time in these patients. Beta-blockers and ACEI have role in 
favorable remodeling, and it is not very clear as to when they should 
be stopped after initial LV improvement in AIC patients.[26]

Recovery and Prognosis:
Different studies point to different timelines for recovery of LV 

function following treatment of the culprit arrhythmia. A study on 
24 patients with predominantly AF-mediated AIC showed that LV 
function improved in a mean of 5.8 months.[8] In a study of PVC-
mediated AIC[27], in whom PVCs were adequately treated, 2/3rd of 
patients recovered LV function by 4 months. For the rest of the group, 
the time to recovery ranged from 5-45 months. Overall, all patients 
in the group had LV function improvement. It was noted that late 
responders of LVEF improvement usually had source of PVCs in the 
epicardial region.

It has been noted on cardiac imaging that despite improvement 
in LVEF, LV dimensions remain elevated when compared to age, 
gender and LVEF matched control group.[28] Moreover, one study 
reported cases of sudden cardiac death in AIC patients who had 
already recovered in regards to their LVEF.[8] It was noted that 
those patients had lower LVEF at presentation as compared to other 
patients in the study. This raises concern as to whether some degree 
of negative remodeling persists despite arrhythmia suppression and 
LV function recovery. This is also illustrated by the evidence that 
recurrent tachyarrhythmias following initial recovery can result in 
rapid decline in LVEF.[8] Thus, AIC takes months to years to develop, 
months to resolve, and recurrent arrhythmias can be calamitous.

control for patients with AF and CMP. The AF-CHF trial showed 
no difference[24] but had several shortcomings when it comes to 
AIC patients. The CAFÉ-II trial[25] showed that cardioversion and 
AAD therapy, when compared to rate control therapy, significantly 
improved LVEF and quality of life in patients with persistent AF 
and HF. Cardioversion with antiarrhythmic therapy should only be 
used in atrial flutter patients as an option if catheter ablation is not 
possible.[1]

Management Strategy for the patient in Clinical Vignette # 1:
   The 12-lead ECG [Figure 1] shows atrial flutter with variable 
AV block and an average ventricular rate of 95 bpm. Flutter wave 
morphology is positive in V1 and inferior leads and negative in 
aVL and is strongly suggestive of a left atrial origin, especially given 
history of prior MAZE procedure. 24-hour Holter monitoring 
showed average ventricular rate of 114 bpm (range: 91-138 bpm). 
The patient was already on digoxin and beta-blockers for rate control. 
In this patient, who now has both atrial flutter and HF, further rate 
control and titration of HF medications, although needed, may not 
be enough to improve his symptoms and LV function. Moreover, 
in atrial flutter, it is difficult to achieve and maintain adequate rate 
control. Available data would support rhythm control in this situation.
 Treatment options including antiarrhythmic therapy with 
cardioversion as well as catheter ablation were discussed with 
the patient and patient chose to undergo catheter ablation. 
Electrophysiology study showed a macro-reentrant left atrial flutter 
with a critical isthmus localized to the anterior aspect of the left 
atrial roof [Figure 5]. Catheter ablation at this location terminated 
the flutter and made it non-inducible. Reconnected pulmonary veins 
were isolated again. There was complete resolution of HF symptoms 
following restoration of sinus rhythm. Echocardiogram performed 
at 3 months post-ablation showed normal LV size and function and 
with an LVEF of 50-55% Diagnosis of atrial flutter-induced AIC 
was made. Patient has not had any recurrent atrial arrhythmias over a 
follow-up period of 3 years.
Therapy for HF
     Appropriate therapy for HF is essential in these patients. ACEI 
and beta-blockers can aid in favorable LV remodeling but the 
duration of therapy is not well understood.

Figure 4:

3D electroanatomic activation map of the right ventricular outflow 
tract showing the site of earliest activation and successful site of 
ablation (white colored area) in the posteroseptal right ventricular 
outflow tract

Figure 5:

3D electroanatomic activation map showing a macro-reentrant 
left atrial flutter with a critical isthmus localized to the anterior 
aspect of the left atrial roof. Interrupted black lines show ablation 
line across the roof

Summary
The concept of AIC has been reported several decades ago, but has 

been more and more recognized recently. The trademark of AIC is the 
reversal of CMP following suppression or elimination of the culprit 
arrhythmia, and therein lies the significance of this fascinating disease 
entity for the practicing clinician. In a world where HF incidence 
keeps increasing, identifying and treating a reversible cause for HF 
and CMP is critical and AIC really exemplifies that old adage of “a 
stitch in time”. AIC remains under-recognized, probably diagnosed 
as idiopathic CMP in many cases with no focused monitoring for 
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any culprit arrhythmias. In others, arrhythmias are often attributed 
to structural heart disease and/or HF. It is not to be forgotten that 
even in patients with a known structural heart disease, like ischemic 
disease, arrhythmias can worsen CMP and result in HF. A high 
index of suspicion and appropriate management of these patients 
can change their lives, as highlighted in the clinical vignettes in this 
article. However, negative remodeling may persist following initial 
LV function recovery in AIC patients and recurrent arrhythmias can 
hasten development of CMP. Close surveillance is thus needed in 
these patients.

Although significant progress has been made in understanding 
different aspects of pathogenesis, diagnosis and treatment of AIC, 
further studies are warranted to thoroughly fill in the gaps in 
knowledge of this disease entity, mainly with respect to arrhythmia-
specific mechanisms, predisposing factors and long-term outcomes.
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Background
Atrial fibrillation (AF) remains the most common sustained 

arrhythmia in the United States affecting more than 6.1 million 
adults [1]. It is associated with significant morbidity and mortality as 
it is an independent risk factor for stroke[2]. Thrombus in the left atrial 
appendage (LAA) contributes to 90% of AF related strokes[3]. Oral 
anticoagulation(OAC) can reduce the risk of stroke by up to 64%[4]. 
However, their use is contra-indicated in some patients because of 
significant risk of bleeding[5]. Procedural exclusion of the LAA is 
an alternative in patients with high risk of bleeding. Recent studies 
also suggest LAA as a non-pulmonary vein focus of origin of AF 
[6]. Epicardial based exclusion procedures can electrically isolate the 
LAA and there might be a benefit of reducing AF burden in addition 
to stroke prevention. Surgical separation of the LAA during coronary 
artery bypass grafting or valve replacements has been around for a 
long time [3]. Minimally invasive surgical techniques like AtriClip 
(AtriCure Inc. Cincinnati, Ohio) are also available [7], [8]. Historically, 
surgical techniques including off pump suturing, endocardial suturing 
and stapling have been associated with significant incomplete closure, 

stumps and increased risk of systemic thromboembolism [9].
Several nonsurgical percutaneous LAAC techniques were 

developed recently. The Watchman device (Boston Scientific Corp, 
Minneapolis, MN) which is deployed after trans-septal puncture 
via percutaneous catheter-based delivery system is one of them. 
The PROTECT-AF trial showed non inferiority of the Watchman 
device in preventing strokes when compared to warfarin in AF 
patients who cannot tolerate anticoagulation[10]. Lariat suture ligation 
(SentreHEART Inc, Redwood, CA) is another LAAC technique. It 
allows for percutaneous catheter based epicardial ligation of the LAA 
with a suture via an endo-epicardial hybrid approach[11].

Similar to surgical closure techniques (between 10 and 80%)
[12], percutaneous LAAC techniques are limited by leaks in a 
small percentage of patients. Leaks can develop at the time of 
implant due to incomplete closure or de-Novo during follow up 
due to tissue remodeling. Their clinical implications are still under 
debate. With some reports suggesting an association of leaks with 
thromboembolism, it’s an area of growing interest. In this manuscript 
we describe the incidence, pathophysiology, clinical implications and 
methods of closure for post Lariat leaks.
Incidence and types of leaks

 Several studies have shown that leaks are a complication 
of percutaneous LAAC devices [10], [13], [14]. The incidence and 
characteristics of leaks vary based on the procedure. With endocardial 
plug type devices a circular devices attempts to occlude a non-circular 
orifice with variable dimensions thereby producing the “Edge 
effect” [13][Figure 2].Depending on the compliance and remodeling 
capability of the LAA whether the tissue around the device remains 
snug fit or not is variable. In the case of epicardial systems there are 
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Abstract
Catheter based left atrial appendage (LAA) closure techniques are emerging as a promising alternative for stroke prevention in patients 

who cannot tolerate oral anticoagulation. Lariat procedure involves percutaneous catheter based epicardial ligation of the LAA with a suture 
via an endo-epicardial hybrid approach. It offers the advantage of not leaving behind a focus for thrombus formation or embolization. Similar 
to surgical ligation of the left atrial appendage, Lariat ligation is limited by leaks in a small percentage of patients. The incidence of leaks is 
variable and can be seen in the immediate post procedure period or during follow up. The electrical and mechanical implications of leaks 
are still under debate. In this review, we discuss the incidence, pathophysiology, clinical implications and methods of closure of leaks after 
Lariat. In the end, we present a case of a Lariat leak closed with an Amplatzer septal occluder.



www.jafib.com Oct-Nov 2017| Volume 10| Issue 3 

Featured ReviewJournal of Atrial Fibrillation Featured ReviewJournal of Atrial Fibrillation12 Original Research
and 9 months follow ups. In a retrospective study by Gianni et al, 
98 patients underwent Lariat suture ligation and followed with 3D 
TEE immediately post procedure, at 6 months and at 12 months. 
Acute leaks (at the time of the procedure) were seen in 5 patients 
(5%). Of these 5 patients, only 2 persisted at 6 months follow up. 
Among patients with no acute leaks, early leaks (evident at or before 6 
months follow up) were identified in 12(13%) patients and late leaks 
(diagnosed after the 6 months follow up) were identified in 2 patients 
(5%). In this study, a total of 14(15%) and 19(20%) patients had leaks 
at 6 months and 12 months follow up respectively [14]. In a recent 
large multicenter evaluation of 682 patients reported by our group, 
acute leaks less than 2mm were seen in 13 patients (1.8%). Follow 
up TEE was available in 480 patients, which showed leaks between 
2-5mm in 31 patients (6.5%)[20]. Acute leaks are likely because of 
suboptimal tightening of the suture. They might spontaneously close 
due to endothelialization or fibrosis, especially if size is <3mm. Early 
or late leaks maybe due to knot loosening due to tissue unfurling or 
tissue necrosis at the site of suture as observed with surgical ligation 
[21]. They are less likely to close spontaneously in our experience.
Pathophysiology of leaks in Lariat system

The following factors play a very important role in the presence or 
absence of leaks.

Size of the LAA at the site of closure – large necks often result in 
incomplete closure as there is too much tissue to approximateFigure 1: Shows the “Gunny sack effect” describing a concentric leak after 

Lariat procedure. Image adapted from the study by Pillarisetti et al

Figure 2:
Shows the “Edge effect” describing a peri-device leak after 
Watchman device. Image adapted from the study by Pillarisetti et 
al

Figure 3: Shows the acute closure rates with Lariat device in various 
reported studies

two types of issues – 1. Central leaks due to suture not ligating the 
entire neck of the LAA and 2. Stump – long piece of the LAA neck 
or base left behind. We have previously described the leaks after 
Lariat procedure as concentric and central owing to the “Gunny sack 
effect” caused by suture ligation around the LAA [13][Figure 1].

 The incidence of leaks after Lariat procedure range from 0% to 
24% [13], [15]-[19][Table 1]. The large variation in the incidence rates are 
likely due to an evolving technique, site of suture application and 
lack of standardized imaging for identifying leaks. The leak size is 
determined by the final diameter of the suture loop used and whether

repeated tensuring was done after the initial suture deployment or 
not. If the suture is deployed too close to the atrium, it can result 
in a larger suture loop with a significant amount of bunched up 
tissue that may subsequently unfurl opening up the central portion 
of the suture loop. In a recent study, one of the factors which led to 
higher reporting of leaks was the use of 3D TEE[14]. In this study 3 
additional patients were found to have leaks which were missed on 
traditional 2D TEE.

Leaks were reported as major (≥5mm) or minor (≤5mm) based on 
the size for the endocardial closure devices. Majority of leaks after 

the Lariat procedure were ≤2mm and rarely >5mm [13]. The definition 
of an acceptable versus unacceptable leak is still up for debate. Leaks 
can occur in the immediate post procedure period or can be observed 
during follow up. [Figure 3] and [Figure 4] show acute and long term 
closure rates in various studies. In a prospective study by Pillarisetti 
at al which included 259 patients, 5 patients (2%) had small leaks at 
the time of implantation, 33 patients (13%) had leaks at 1-3 months Proximity to the atrial wall - The closer one gets to the atrial wall 

at the base more tissue gets bunched up into the suture and often 
prevents it from tensuring right. Over a period of time the tissue 
inside the loop remodels and unfurls to open a communication 
proximal and distal to the ligature.

Appropriate deployment and tensuring of the suture - If the device 
is not lined up properly and the tissue is not tensured the chances of 
leaks is high.

. False closure due to the pressure from the device - Occasionally, 
the magnets might not align and are attached outside the LAA. If 
the operator doesn’t realize the issue and moves the delivery device 
forwards deploying the suture and falsely compressing the LAA 
resulting in pseudo closure. An atrial angiogram should always be 
performed once the nitinol loop comes off of the LAA prior to 
withdrawing the sheath to the right side.

Incomplete closure due to basal lobes - In a small percentage of 
patients the proximal portion of the LAA may have separate lobes 
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and the suture may simply ligate one of the lobes leaving behind the 
others untreated.
Why does a Lariat close the LAA better than a surgical hand 
knot?

In vast majority of hand knots that were done during open heart 
procedures, the heart was on a heart-lung pump with LAA being 
flaccid. It is very hard to tie a suture around flaccid piece of tissue. The 
analogy one can try here is that of a deflated vs inflated balloon and 
applying a knot around it. It’s a lot easier to tie a self-retaining knot 
around the neck of an inflated balloon and subsequent tensuring will 
result in making it tighter. The Lariat suture delivery follows this 
very principle and has shown that the closure rates are dramatically 
higher than what has been described in surgical literature [Figure 5]. 
Once the self-retaining suture is deployed, subsequent tensuring of 
the suture helps to tighten the suture around the tissue, desiccating it 
further and allowing for the lowest possible suture diameter to close 
off the neck. So in larger necks it may be necessary to tensure the 
suture more than once. And confirming closure after the Lariat loop 
comes off of the LAA is critical to ensure acute closure.
Clinical Implications of leaks

Successful LAAC with Lariat suture ligation system results in 
electrical and mechanical isolation of the LAA reducing the risk of 
stroke and recurrence of AF. There is limited data on the electrical 
and mechanical implications in patients with leaks following Lariat 
procedure. This was studied in a recent prospective multicenter study 
by our group. A total of 91 patients with AF who underwent Lariat 
suture ligation followed by catheter ablation were studied. Of these, 
7 patients had leaks ranging from 1-3mm and 4 patients had leaks 
between 4-5mm. Morphological characteristics of the LAA remnant 
(LAAR) were assessed with CT scans obtained pre procedure and at 
1 month. Electrical activity of the LAAR was assessed during CA 
performed within a month from the Lariat procedure. We reported 
significant reduction in the LAA volumes (66%) and size (67%) 
however larger leaks had slightly larger LAAR. Of the 4 patients 
with leaks between 4-5mm, 3 demonstrated electrical activity during 
CA and were successfully isolated. There was lack of statistically 
significant correlation between leaks and recurrence of AF at 1 year 
follow up.

Leaks following surgical exclusion of the LAA have been 
reported to be associated with thromboembolism. Continued anti-
coagulation is recommended in these patients because of this risk. 
This association with thromboembolism is poorly understood with 

leaks following percutaneous LAAC techniques. Theoretically, in 
patients with Watchman device the implant can act as a nidus for 
thrombus formation and stroke in the absence of anti-coagulation 
or antiplatelet therapy. In PROTECT-AF study, albeit leaks with 
associated thrombi, there was no association between stroke and 
the presence or size of the leaks[10]. Similar findings were observed 
in the subgroup of patients with Watchman device in the study by 
Pillarisetti et al [13]

There is no randomized controlled data for Lariat looking at the 
impact of leak on the overall risk of stroke. It is clear while the presence 
of a leak may not increase the stroke risk but complete closure doesn’t 
assure the elimination of stroke risk. Even though epicardial exclusion 
of the LAA with Lariat suture does not leave a nidus for thrombus 
formation there still is a risk in the immediate post procedural period. 
Thrombus at the closure site has been reported in 2.5% Lariat cases 
irrespective of the closure. This is thought to be secondary to local 
inflammatory changes caused by tissue infarction due to application 
of the suture [13]. In a recent retrospective study with 98 patients, 
5 developed thromboembolisms. Three of the 5 were found to have 
leaks on 3D TEE, 2 patients in which the TEE was not available 
presented with thromboembolic events. None of the patients without 
leaks developed thromboembolic events [14]. In 2 of 3 patients with 
leaks on 3D TEE they were not detected on 2D TEE. This observation 
questions the role of various imaging modalities in identifying leaks. 

Table 1: Incidence rates of leaks after Lariat suture ligation of the LAA

Author (year)
[reference #]

N Acute Early(<6m) Late(6-12m)

Bartus et al 
(2013)[15]

85, 81, 65 3(4%) 4(5%) 1(2%)

Massumi et al 
(2013)[16]

20, 17, 17 0(0%) 1(6%) 1(6%)

Miller et al 
(2013)[18]

41, 41 3(7%) 10(24%) -

Price et al (2013)
[19]

145, 63 5(8%) 13(20%) -

Pillarisetti et al 
(2015)[13]

259, 259, 259 5(2%) 33(13%) 33(13%)

Gianni et al 
(2016)[14]

98, 96, 96 5(5%) 14(15%) 19(20%)

Lakkireddy et 
al(2016)

682, 480, 480 13(1.8%)  31(6.5%) 31(6.5%)   

Figure 4: Shows the longterm closure rates during follow up. > 75% of
patients had follow up TEEs in these studies

*N=Number of patients in each study at the time of procedure, 6months and 12months.

This association with thromboembolism was not reproducible in a 
recent multicenter prospective study which followed 259 consecutive 
patients with 2D TEE who underwent LAAC with Lariat suture [13]. 
There is a significant uncertainty regarding the association between 
leaks and thromboembolism.
Methods of closing leaks

Most operators choose to resume anticoagulation/antiplatelet 
agents in patients with leaks after percutaneous LAAC in the absence 
of contraindications. This might not be the case for most patients 
who undergo Lariat procedure because of their high bleeding risk. 
The other alternative is to pursue repeat exclusion of the LAA. 
Before consideration for exclusion procedures it’s important to keep 
in mind that leaks ≤2 mm might spontaneously close [15], [20] and can 
be observed, while leaks ≥3mm are less likely to close.

Several endocardial occlusion devices are being used for closure 
of leaks after surgical or non-surgical LAA exclusion [21]-[23]. The 
concentric and central location of leaks seen after Lariat suture 
ligation makes it feasible for septal closure devices. Because of 
the narrow neck of the LAA conventional closure devices like 
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an 8.5Fr SL1 sheath (St.Jude Medical, St Paul, MN) under TEE and 
fluoroscopic guidance. A left atrial appendogram was obtained in the 
right anterior oblique and left anterior oblique views to assess the 
dimensions and characteristic of the leak between the LAA and LA.

Complete opacification of the LAA was obtained with the 
appendogram with neck diameter measuring 4 mm. The SL1 sheath 
was exchanged for an 8.5 Fr Mullins sheath. A soft-tipped 0.035-inch 
wire was passed across the neck into the LAA under fluoroscopic and 
TEE guidance. The distal tip of the Mullins sheath was positioned 
just beyond the neck.

A 5 mm ASO was chosen based on the patients LAA leak. The 
ASO device was advanced through the sheath beyond the neck. It 
was unsheathed such that the outer disk was deployed inside the LAA 
and the inner disk on the LA aspect of the neck with the waist of the 
device exactly aligned with the neck. A “tug test” was performed to 
ensure the stability of the device. Angiography and TEE were used to 
confirm the absence of any residual leak across the device [Figure 6]. 
The patient was started on clopidogrel 75mg qday for 6 weeks until 
endothelialization of the device as per standard practice. There was 
no residual leak noted at 3 months follow up on TEE.
Post procedural anticoagulant or antiplatelet regimen after 
device closure of a leak

 If the patient is able to take oral anticoagulation at least in the 
short term, should be treated with one for at least 6 weeks to allow 
for endothelialization followed by dual antiplatet therapy (DAPT). 

Watchmen device cannot be used [21]. Amplatzer septal occluder 
(ASO), originally designed for the closure of atrial septal defects, 
is now being used off label for closing LAA leaks. In a recent case 
series, we reported 5 patients with leaks ranging from 3.5 mm - 5 
mm after Lariat procedure successfully closed with ASO device [21]. 
All patients were on anti-platelet agents (clopidogrel 75mg qday) 
for 6 weeks until endothelialization of the device as per standard 
practice. There was no residual leak noted at 3 months follow up. 
ASO is a self-expandable device made of nitinol mesh and fabric 
patches delivered through a transseptal sheath positioned in the 
LAA. Mosley et al reported successful closure of 3 late Lariat leaks 
using Amplatzer vascular plug 4(AVP-4). AVP-4, approved to close 
AV fistulas, is a double lobed retractable nitinol based device which 
is deployed through a 4-5 French diagnostic catheter [22]. There was 
another case of incomplete LAA closure that was closed with an 
Atriclip using a minimally invasive technique. In this case, only the 
distal lobe of the bilobed LAA was closed with the Lariat leaving 
behind a large proximal lobe [24]. Alternative approaches like coils or 
other septal occluders (e.g., GORE Helex septal occluder[GORE 
medical, Flagstaff, AZ]) can also be used[25]. Several exclusion 
techniques were described anecdotally. A repeat Lariat suture was 
used to close a leak in one recent case report [21]. This can be difficult 
because of potential adhesions from pericardial inflammation caused 
by the initial pericardial access and suture.
How to close a leak using ASO: A stepwise descriptive
Case study

A 75 year old female patient with permanent AF status post multiple 
left antral ablations who suffered an embolic CVA (CHADSVASC 
of 5) while on Coumadin underwent Lariat suture ligation. She had 
a large LAA with a neck diameter of 4cm. There was significant 
difficulty encircling the whole appendage and required multiple 
attempts during the procedure. She had a 1mm residual leak at the 
end of the procedure on TEE. She was subsequently found to have 
a 4 mm leak at her 3 month follow up. Because of her high stroke 
risk it was decided to pursue closure of the leak with ASO. After 
correct patient identification, an informed consent was obtained after 
discussing the risks and benefits of the procedure. The procedure was 
performed in a hybrid catheterization lab under general anesthesia. 
A TEE was performed prior to gaining access to exclude LAA 
thrombus and to assess the dimension of the neck of the leak 
between the LAA and the LA. After obtaining femoral vein access, 
transseptal access was obtained by using a Brockenbrough needle and 

Figure 5: Shows the difference in suture deployment when the target is
inflated vs deflated

Figure 6:

Panel A shows remnant connection between left atrium and LAA 
after contrast injection. Panel B shows the same leak on TEE. 
Panel C shows ASO device obliterating the remnant connection 
between the LA and the appendage after contrast. Panel D shows 
TEE images of the ASO device in situ. LAA= Left atrial appendage, 
ASO = Amplatzer septal occluder, TEE = Transesophageal 
echocardiogram

If OAC is not an option DAPT for at least 6 months is important. 
After 6 months ASA 81 mg may suffice. Periodic TEE monitoring 
may be important to understand the long term implications of device 
related thrombus in these cases is still not well understood.
Conclusions

Leaks are a known complication after Lariat suture ligation. They 
can be detected at the time of procedure or during follow up. There is no 
correlation between leaks and recurrence of AF. There is limited data 
on the relationship between leaks and thromboembolism. Because 
of the possible association with thromboembolism patients should 
be followed up long term with serial TEE imaging. Anticoagulation 
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Introduction
Atrioesophageal fistula (AEF) is a rare but serious complication 

of atrial fibrillation (AF) catheter ablation with associated high 
mortality rates. The incidence of confirmed AEF after AF catheter 
ablation is 0.015%-0.04% based on surveys, but this figure is likely 
underreported due to a number of factors including misdiagnosis 
and low response rate.[1]–[3] AEF was the second most common 
cause of mortality after cardiac tamponade, accounting for 16% of 
fatality related to complications of AF catheter ablation in a large 
retrospective study. [4] AEF mortality rate has been reported to be 
40-100%.[3],[5]–[7]

The high mortality rate related to this complication is likely in
part due to lack of clinical awareness leading to delayed diagnosis 
in addition to the complex nature of surgical repair required for 
treatment.[1],[2],[8] In this study, we report our institutional experience 
with AEF.

Methods
Between 2004 and 2016, all adult patients with confirmed 

diagnosis of AEF at our institution were identified based on chart 
review. This included patients who were referred from, diagnosed or 
initially treated at outside hospitals prior to transfer to our institution. 
Records of patients were reviewed for demographic and clinical data. 
Clinical data included index catheter ablation, presenting symptoms 
and timing, laboratory values, radiographic and pathology results, 
type of surgical repair, post-operative course and outcomes.
Statistical Analysis

Continuous data are presented as medians and ranges and 
categorical data are presented by absolute numbers and percentages.
Results 
Demographics, Ablation Technique and Clinical Presentation
   Five confirmed cases of AEF after catheter ablation were identified 
between 2004 and 2016. Of these, 3 cases occurred at our institution 
and the remaining 2 were referred to our center for management of 
AEF. A total of 1212 AF procedures were done at our institution in 
that time period. Median age was 61 years (range 54-71). Three were 
male, 3 had paroxysmal AF and 2 had persistent AF.
   Four underwent radiofrequency ablation and 1 had high intensity 
focus ultrasound (HIFU) ablation (patient 2). All patient had 
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 Background: RecentlyThe incidence of atrioesophageal fistula (AEF) after atrial fibrillation catheter ablation is reported to be 0.015%-

0.04%, though it is likely underreported due to a number of factors including misdiagnosis. We report our institutional experience with AEF. 
 Methods: Patients with confirmed diagnosis of AEF between 2004 and 2016 at our institution were identified (n=5) and their clinical 

characteristics and outcome were analyzed.
 Results:  AEF occurred in 5 patients who underwent AF catheter ablation (3 ablated at our institution; 2 transferred from outside hospitals 

after diagnosis of AEF). Symptoms were chest pain (n=3), fever (n=3), TIA/stroke (n=3), dysphagia (n=1), and headache (n=1). Chest pain 
was the earliest symptom and occurred 21-24 days post-RFA. One patient had sudden death without preceding symptoms. Findings included 
leukocytosis (WBC count range of 17200-19,000) and sepsis. Chest CT was obtained in 3 patients and showed air in the left atrium or 
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Conclusion: Chest pain and fever were the early symptoms of AEF and occurred before the neurologic complications. Chest CT was an 
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as prompt surgery may improve survival. Health-care community education is the key to ensure early detection and transfer to a qualified 
surgical center.



www.jafib.com Oct-Nov 2017| Volume 10| Issue 3 

Featured ReviewJournal of Atrial Fibrillation Featured ReviewJournal of Atrial Fibrillation18 Original Research

pulmonary vein isolation (PVI). Procedural details for 3 patients 
with index ablation done at our institution were available (patients 
3-5). All procedures were done under general anesthesia. Of these, 
2 had ostial PVI (patients 3 and 5) and patient 4 underwent wide 
area circumferential catheter ablation (WACA). In addition to PVI, 
patient 4 had Focal Impulse and Rotor Modulation (FIRM) ablation 
in the left atrial roof, patient 5 had additional posterior roof and lateral 
mitral isthmus line, and patient 3 underwent ablation of complex 
fractionated atrial electrograms (CFAEs) in the mid anterior wall, 
roof, posterior wall inferior to the RIPV and mitral annular region. 
CFAEs noted adjacent to the esophagus were not ablated. EZ Steer 
Thermocool irrigated catheter (BioSense Webster Diamond Bar, 
CA) was used in 2 patients (patient 3 and 4) and an 8 mm Navistar 
DS non-irrigated catheter ((BioSense Webster Diamond Bar, CA) 
was used in 1 patient for ablation (patient 5). Power range of 25-
40 watts with temperature cut-off of 42°C were employed for 
irrigated catheters and a power of 50 watts with temperature cut-
off of 50°C was used with the non-irrigated catheter. All reported 
lesions were 30-60 seconds long with loss of local electrogram used 
as an endpoint. RF applications on the posterior left atrium were 
limited to 25 watts for patients 3 and 4. Using a single-thermocouple 
esophageal temperature probe, esophageal luminal temperature 
(LET) was monitored during ablation in the 3 patients whose index 
procedure done at our institution. RF applications were stopped 
when LET reached 38.5°C or there was an increase in LET by >1°C. 
Maximum reported esophageal temperature did not exceed 39.0 °C. 
Information on esophageal protective measures were not available 
for 2 patients who were transferred for management of AEF from 
outside institutions. 2 out of 5 patients (patients 3 and 4) received 
prophylactic proton pump inhibitor (PPI) peri-operatively. Devices 
to displace esophagus were not used for any of the patients.
   Patients developed symptoms related to AEF between 21 and 27 
days after index ablation procedure (median 24 days). Symptoms 
included chest pain (n=3), fever (n=3), TIA/stroke symptoms (n=3), 
dysphagia (n=1), and headache (n=1). Chest pain was the earliest 
symptom and occurred 21-24 days post-RFA [Figure 1]. When 
neurologic symptoms were present they included visual disturbance 
(n=2), hemiparesis (n=2), and hemi-neglect (n=1).
    Laboratory and clinical findings included leukocytosis in all of the 
patients (range 17200-19,000) and sepsis (n=3). Blood cultures were 
obtained from 3 patients which grew Strep anginosus (patient 1), 

Strep constellatus (patient 2) and Strep viridans (patient 3).
   Intra-operative pathologic specimen cultures were obtained from 
patients 1 and 2. It revealed Strep anginosus, Lactobacillus, and 
Candida albicans in one patient (patient 1) and no growth in the 
other.
Diagnostic Procedures
   Brain magnetic resonance imaging was performed in 3 patients 
all of whom had evidence of multifocal embolic stroke (patients 1, 
2 and 5). Contrast-enhanced CT scan of chest using intravenous 
contrast was obtained in 3 patients and showed air in the left atrium 
or mediastinum (patients 1,2 and 3). The initial chest CT was done 
on the day of admission for patients 1 and 2 and on the 2nd day for 
patient 3. CT imaging was repeated on the 2nd day of admission for 
patient 2 due to an initial non-diagnostic result and a high index of 
suspicion. Pathology specimens obtained during surgery or autopsy 
confirmed the diagnosis of AEF in all patients. The level of AEF 
was noted for 4 of the patients; it was near the RIPV for patient 1, 
adjacent to LSPV for patient 2, and involving the LIPV for patients 
3 and 4. Images of pathologic specimens for 2 of the patients with 
AEF are shown in [Figure 2]. [Table 1] summarizes the clinical data 
for each patient.
Surgical Repair of Atrioesophageal Fistula
  Two patients underwent emergent surgical repair of the AEF 
(patient 1 and 2). Both patients presented with chest pain and 
TIA/stroke symptoms. Chest CT using IV contrast confirmed the 
diagnosis in both patients.
       Surgical repair was performed by a team with a cardiac and a thoracic 
surgeon. Following median sternotomy and cardiopulmonary bypass, 

Figure 1: Frequency of Clinical Findings in Five Patients presenting with 
AEF to our institution 

Figure 2:

Pathologic specimens of atrioesophageal fistula (AEF) A: 
Esophageal (E)-left inferior pulmonary vein (LIPV) fistula (arrow) in 
patient 4 B:  AEF (arrow) near the LIPV with transmural necrosis 
of LIPV in Patient 3

left atriotomy was performed, extending the incision underneath the 
superior and inferior vena cava. Extensive debridement along the 
pulmonary veins was done with removal of the left atrial posterior 
wall and necrotic debris and visualization of the atrioesophageal 
fistula. A bovine pericardial patch was then sewn to reconstruct 
the entire posterior wall of the left atrium followed by closure of 
the atriotomy. Upon discontinuation of cardiopulmonary bypass 
and closure of median sternotomy, surgical repair of the esophagus 
was undertaken. Following Esophagogastroduodenoscopy (EGD), 
the right latissimus dorsi and right 5th intercostal muscles were 
harvested via a right thoracotomy approach. The distal esophagus 
was then dissected off the left atrium entirely and the fistula was 
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taken down from the left atrial posterior wall and the descending 
thoracic aorta. The fistula opening on the esophagus side was closed. 
A myotomy was performed centered around the esophageal fistula 
and the right intercostal muscle flap was used to cover the esophageal 
myotomy. The latissimus dorsi muscle flap was then sutured to the 
left atrial repair site to ensure complete separation of the posterior 
left atrial wall from the esophagus.
Clinical Outcomes
    Three patients died before surgery could be performed. In 2 of the 
3 patients, death occurred from complications of cerebral embolic 
events (patients 3 and 5); one died 2 days (patient 3) and the other 
5 days (patient 5) after the initial diagnosis of AEF. Non-surgical 
treatment included broad spectrum antimicrobials and respiratory 
support with mechanical ventilation. Antimicrobial therapy (for 
surgical and non-surgical patients) included vancomycin (n=4), 
piperacillin-tazobactam (n=3), meropenem (n=1) and fluconazole 
(n=3). One patient had sudden death without preceding symptoms 
and AEF was diagnosed on autopsy with air embolism as the 
presumptive cause of death based on autopsy findings. Two patients 
(40%) underwent successful emergent surgery and survived (100% 
survival). At one-year follow-up, both patients were alive and free of 
residual neurologic deficits.
Discussion 
    Atrioesophageal fistula is a rare but potentially fatal complication 
of AF catheter ablation. Symptoms usually develop 3-6 weeks after 
the index ablation and may be vague, leading to lack of recognition 
and delayed diagnosis, explaining the high mortality rate.
Pathogenesis
   The pathogenesis of AEF formation is not fully understood. The 
close anatomic relationship between the esophagus and the left 
atrial posterior wall likely plays a key role. The esophagus is located 
in a groove posterior to the left atrium bounded by the thoracic 
vertebral column and the aorta posteriorly. Thermal injury during 
ablation is thought to affect the esophageal microvasculature leading 
to ischemic necrosis and ulceration. Progression from ulceration 
to AEF formation may be facilitated by esophagitis, adjacent fatty 
necrosis, gastric hypomotility, and periesophageal vagal plexus injury 
resulting in lower esophageal sphincter relaxation and acid reflux.[9]–

[13] The need for these sub-acute changes to occur could explain the

delayed presentation of AEF after ablation.
Risk Reduction
   Several strategies may decrease the risk of AEF formation after 
catheter ablation. These include use of an esophageal temperature 
probe for continuous monitoring of esophageal luminal temperature 
during ablation, real-time visualization of esophagus with barium 
paste or intracardiac echocardiography (ICE) during the procedure, 
reduction of power applied to the posterior left atrial wall in the 
vicinity of the esophagus, prophylactic administration of proton pump 
inhibitors, mechanical displacement of esophagus or intrapericardial 
balloon retraction of left atrium, and use of cryoenergy.[14]–[17] Despite 
these protective measures, risk of AEF is not completely eliminated.
[18]–[20]

Clinical presentation and Diagnostic Tools
   Patients included in our study presented with a constellation of 
thoracic, infectious and neurologic findings including chest pain, 
fever, leukocytosis, sepsis, TIA and stroke between 3-4 weeks after 
ablation. Chest pain and fever were the leading symptoms of AEF 
and occurred days to hours before the neurologic complications.
   CT scan of chest with intravenous contrast was diagnostic in all 
the patients who were imaged. The most common findings were air 
in the left atrium and pneumomediastinum. One patient required 
a second chest CT one day after the initial imaging due to non-
diagnostic initial findings and a high index of suspicion. This imaging 
modality has been shown to be the most useful tool in multiple prior 
studies.[7],[21],[22] A high index of suspicion should be guiding image 
interpretation and in cases of equivocal or non-diagnostic scans, repeat 
CT imaging may have diagnostic value specially if pre-test probability 
remains high. Brain MRI was an excellent tool for identifying 
neurologic sequelae of AEF and when performed, showed multifocal 
embolic lesions. Diagnostic EGD should not be performed prior 
to surgical repair due to the inherent risk of worsening air emboli 
from endoscopic air insufflation required during examination. In the 
surgical patients, EGD was only performed intraoperatively after the 
left atrial side of the fistula was repaired in order to identify the site 
of fistula on the esophageal side to guide operative repair.
Treatment and Outcome
   There is limited data regarding the prognosis of those patients 
who survive to undergo surgical repair due to the small number of 
reported cases, but it appears to be favorable.[8],[18] Based on the data 

Table 1: Patients and Procedure Characteristics 
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Disclosures
None.
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available, the type of repair seems to affect prognosis, with those 
receiving esophageal stenting having the worst outcome and those 
undergoing surgery with combined left atrial and esophageal repair 
having the best result.[18],[21],[23]

       In this series, AEF was promptly diagnosed and treated with surgical 
repair in 2 patients. Both patients survived without any perioperative 
complications. The surgical technique used was a combined left atrial 
and esophageal repair. The importance of primary esophageal repair 
in addition to left atrial repair to minimize postoperative morbidity 
has been emphasized previously.[21] Interposition of a muscle flap (in 
our series, intercostal and latissimus dorsi muscle flaps were used) 
appears beneficial by providing physical separation between the left 
atrium and esophagus and by allowing the pedicled muscle flap to 
bring blood supply into a contaminated area.[24]–[26]

   Although mixed results have been reported in the literature for the 
surgical repair of AEF, so far this is the only strategy associated with 
survival in patients with AEF.[21],[26]–[29] Fatal outcomes after surgical 
repair may be related to late presentation or delay in diagnosis and 
intervention. Primary esophageal stenting, while may be successful in 
treatment of esophageal perforation[30] and even esophagopericardial 
fistulas[31], has been associated with uniform fatal outcomes for the 
treatment of confirmed AEF and is therefore not recommended.
[18],[21],[32],[33]

Management suggestions
   Despite preventative measures implemented during AF catheter 
ablation, esophageal thermal injury may occur for various reasons 
leading to AEF formation.[18],[34]–[36] Awareness of this complication 
among the medical community including emergency and primary care 
physicians is crucial. High index of suspicion is required for prompt 
diagnosis and treatment. A triad of chest pain, fever, and neurologic 
symptoms 3-4 weeks after AF ablation is highly concerning for AEF. 
However, given the low incidence of this complication and an overall 
lack of familiarity with AF catheter ablation techniques in the ER 
and primary care community, these symptoms may be attributed to 
other causes.
   All patients with suspected diagnosis of AEF should undergo 
immediate contrast-enhanced chest CT and be transferred to a 
hospital equipped with a cardiothoracic surgery facility. Immediate 
combined left atrial and esophageal repair is the best option based on 
our experience. Perioperative care in the ICU should include broad-
spectrum antimicrobials, early initiation of feeding via jejunostomy 
tube and ongoing neurologic evaluation and rehabilitation.
Limitations

Our study has a number of limitations. (1) As expected by the 
very low prevalence of AEF, our cohort size was small. (2) Complete 
diagnostic data was lacking on one patient who presented with 
AEF to an outside facility. (3) Details of procedural techniques and 
esophageal protective measures during ablation were not available for 
2 patients who were transferred to our facility for management of 
AEF.
Conclusions

Atrioesophageal fistula remains a serious complication of AF 
catheter ablation despite frequently used esophageal protection 
strategies. When untreated, the outcome is near-universally fatal. 
Prompt diagnosis of AEF and urgent referral for surgical repair is 
imperative as outcomes of early surgical repair are favorable. Health-
care community education is the key to ensure early detection and 
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Introduction
Catheter ablation is an established therapy for atrial fibrillation 

(AF). Pulmonary vein isolation (PVI) is the cornerstone of the 
procedure, particularly in patients with paroxysmal PAF (PAF) [1]. 
However, the efficacy of PVI alone for the treatment of persistent 
AF is limited, which has resulted in an increasing demand for 
additional modification of the atrial substrate, such as targeting 
complex fractionated atrial electrograms (CFAEs) [2], linear lesions 
[3], [4], and their combinations. Despite these continued efforts to 
identify additive strategies, the recurrence rate after catheter ablation 
in patients with persistent AF has been high compared to that with 
PAF, and particularly in patients with an AF duration of >2 years 
[5]. Although it is suggested that the increase in the AF duration 
is associated with a higher risk of recurrence after ablation, little is 
known about the recurrence of AF in long standing AF patients post 
ablation treated with concomitant antiarrhythmic medications. In 

this study, we sought to determine the long-term recurrence rate in 
long-standing persistent patients with an AF duration of ≥5 years.
Materials and Methods
Study subjects
   The study was comprised of 236 consecutive patients undergoing 
catheter ablation of persistent AF at Musashino Red Cross Hospital, 
Tokyo. There were 193 men, with 137 having long-standing AF, 
and their mean age was 62±11 years (range 25-82, [Table 1]). This 
study was approved by the Institutional Review Board, and written 
informed consent was obtained before the procedure.
Definition
   Persistent AF was defined as continuous AF that was sustained 
beyond seven days [1], and longstanding persistent AF as continuous 
AF of greater than a 12 month duration. The duration of persistent 
AF was determined from the last time when sinus rhythm (SR) was 
recorded on the electrocardiogram (ECG) to the time during the 
index procedure. If the AF was found incidentally through a routine 
health check, the onset was retraced when SR was lastly confirmed 
on the ECG. Patients were classified by the duration of the AF 
into three groups: those with an AF duration of less than 1 year 
(group A, n= 99), those with an AF duration between 1 to 5 years 
(group B, n=101), and those with an AF duration of more than 5 
years (group C, n=36). The long-term outcome after the index and 
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Abstract
Background: Little is known about the long-term outcome and recurrent form recurrence after catheter ablation of atrial fibrillation (AF) 

in patients with long-standing persistent AF. 
Methods:  Two hundred thirty-six patients with persistent AF (193 men; age, 61.5±10.7 years) were enrolled, and were classified according 

to the duration of AF: AF duration of <1 year (group A, n=99), between 1 to 5 years (group B, n=101), and ≥5 years (group C, n=36). The long-
term recurrence rate and recurrent form were compared among the groups.

Results: During a median follow-up of 3.7 years, the recurrence rate was significantly worse in group C after the index and multiple 
procedures (Log-Rank, both for a P<0.001 in comparison to group A). In the multivariate analysis, the duration was an independent predictor 
of an arrhythmia recurrence (HR, 1.206; 95%CI, 1.053 to 1.381; P=0.007). Recurrent AF became permanent in 8 patients (3.4%), which 
was not associated with a difference in the groups (Log-rank, P=0.055), while antiarrhythmic drugs (AADs) were continued in 70% of the 
recurrent patients.

Conclusions: Despite a high AF recurrence rate in the patients with an AF duration of ≥5 years, the majority of the patients with recurrence 
who continued on AADs had a paroxysmal form of AF. Catheter ablation and concomitant AADs may be effective in reducing the AF burden 
in such patients with an advanced AF disease stage.
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multiple procedures was compared between the three groups. We also 
investigated the mode of recurrent arrhythmias, namely, whether the 
recurrent AF became permanent or paroxysmal on antiarrhythmic 
drugs (AADs). Recurrent AF was defined as permanent if the AF 
persisted despite multiple procedures and AADs.
Procedure
   All AADs were discontinued for at least 5 half-lives before the 
ablation. All patients were anticoagulated with warfarin for at 
least a month before the procedure (target INR 2–3), and the 
therapeutic anticoagulation was maintained with intravenous 
heparin after discontinuing warfarin one day before the procedure. 
Transesophageal echocardiography was performed within 24 hours 
prior to the procedure. The electrophysiological study was performed 
under mild sedation with dexmedetomidine hydrochloride. Four 
vascular sheaths (i.e., one 5-F, and three 8-F) were inserted into the 
right femoral vein under lidocaine local anesthesia. A 7-F, 20-pole 
or 14-pole two-site mapping catheter (Irvine Biomedical Inc, Irvin, 
CA) was inserted through the right jugular vein and positioned 
in the coronary sinus (CS) for pacing, recording, and internal 
cardioversion. A 50 IU/kg body weight of heparin was administered 
after the insertion of the vascular sheaths. A transseptal puncture 
was performed using a standard needle (Adult BRK 71 cm, St. 
Jude Medical, Minneapolis, Minnesota). A 50 IU/kg body weight 
of heparin was re-administered after the transseptal puncture, and 
heparinized saline was additionally infused to maintain the activated 
clotting time at 300–350 seconds. After the transseptal puncture, 
two long sheaths (SL0, SJM, Minneapolis, MN) were introduced 
into both superior PVs. The pulmonary vein (PV) electrograms were 

monitored with a decapolar circumferential mapping catheter (Lasso, 
Biosense Webster, Diamond Bar, CA, USA). A 3.5-mm irrigation 
catheter (ThermoCool, Biosense Webster, Diamond Bar, CA, USA) 
was used, under the guidance of a 3-dimensional (3D) mapping 
system (CARTO3, Biosense Webster). An esophageal temperature 
probe was advanced into the esophagus, and later adjusted to its closest 
proximity to the ablation sites along the left atrial (LA) posterior wall. 
The power was limited to 20-25W on the LA posterior wall, and the 
RF application was truncated when the esophageal temperature rose 
up to 41 degrees Celsius. Before the initiation of the PV isolation 
(PVI), up to three internal cardioversions (10J, 20J, and 30J) were 
administered. If AF persisted after the cardioversion, a PVI was 
performed during AF. A decapolar, circular catheter (Lasso, Biosense 
Webster) was used for the bipolar EGM recording at the PV antrum 
filtered at 30 to 500 Hz and displayed on a commercially available 
electrophysiological recording system (GE, Houston, TX), and to 
confirm the PVI, which was defined as PV bi-directional conduction 
block. After the PVI, internal cardioversion was re-administered 
when the AF continued. After restoring SR, if the AF was reinitiated, 
non-PV foci were pursued. Once AF converted into an organized 
AT, activation mapping on the 3D mapping system, entrainment, 
and ablation were performed. Roof and floor lines connecting the 
bottom floor region of the bilateral lower PVs were added in the 
presence of an LA posterior wall trigger or roof dependent macro-
reentrant AT, and a mitral isthmus line was created in the case of 
macroreentrant perimitral flutter. Cavo-tricuspid isthmus (CTI) 
ablation was performed with an endpoint of bidirectional conduction 
block in all patients. Isolation of the superior vena cava (SVC) was 
only performed when SVC triggered AF was present or the sleeve 
length of the superior vena cava was ≥ 30 mm [6].
    In the repeat procedure, after the isolation of the reconnected PVs, 
AF or AT was induced by atrial burst pacing in case of SR, using 
10-second burst pacing intervals at an output of 10 V starting at a 
cycle length of 250 ms decreasing down to refractoriness from the 
right appendage. During native or induced AT, activation mapping 
on the 3D mapping system, entrainment mapping, and ablation were 
performed. During native or induced AF, substrate modification 
with a linear defragmentation method was performed sequentially 
in a predetermined order [7]. Linear point-by-point lesions guided 
by the 3D mapping system in the regions were performed in the 
following order: LA roof, floor lines connecting both PVs, LA 
septum from the high septum to fossa ovalis, inferior LA along 
the CS, base of the LA appendage, LA anterior wall, right atrial 
(RA) septum from the SVC-RA junction to the inferior vena cava 
(intercaval line), crista terminalis, and base of the RA appendage. The 
endpoint of the substrate ablation was AF termination. If the AF 
continued after all the steps, internal cardioversion was performed. If 
the AF was converted to AT, it was mapped and ablated. If the AF 
was not induced after the isolation of the reconnected PV, a substrate 
modification was not performed. An SVC isolation was performed 
in the patients who underwent it during the index procedure or SVC 
triggered AF was found during the repeat procedures.
Follow-up after the catheter ablation
  The oral anticoagulants were resumed immediately after the 
procedure, targeting an international normalized ratio of 2 to 3. 
Patients underwent continuous ECG monitoring as inpatients for 
two days after the procedure. The first outpatient clinic visit was 3 

Table 1: Clinical characteristics

Group A:
AF duration 
< 1 year (n=99)

Group B:
AF duration 

1-5years (n=101)

Group C:
AF duration 

≥ 5 years (n=36)

P Value

Male (%) 78 (78.8) 87 (86.1) 28 (77.8) 0.321

Age 63.7 ± 9.7 58.8 ± 11.7 62.6 ± 9.2 0.016 

AF history (years) 2.8 ± 4.4 3.0 ± 2.1 8.1 ± 2.8 <0.001

Duration of 
persistence (years)

0.5 ± 0.2 2.2 ± 1.1 7.8 ± 2.7 <0.001

Hypertension (%) 27 (27.3) 23 (22.8) 10 (27.8) 0.720

Diabetes (%) 3 (3.0) 4 (4.0) 4 (11.1) 0.130

Prior stroke (%) 7 (7.1) 4(4.0) 4 (11.1) 0.297

Congestive heart 
failure (%)

5 (5.1) 15 (14.9) 2 (5.6) 0.041

CHADS2-Score 0.5 ± 0.7 0.5 ± 0.8 0.7 ± 1.0 0.503

Cardiomyopathy

Ischemic (%) 4 (4.0) 3 (3.0) 1 (2.8) 0.894

Dilated (%) 0 (0) 4 (4.0) 0 (0) 0.066

Hypertrophic (%) 3 (3.0) 1 (1.0) 2 (5.6) 0.302

Valvular (%) 3 (3.0) 3 (3.0) 2 (5.6) 0.738

eGFR 65.5 ± 17.1 70.1 ± 14.5 65.0 ± 17.9 0.134

BNP (pg/ml) 121.4 ± 123.8 110.1 ± 132.9 120.5 ± 200.9 0.610

LVEF (%) 64.1 ± 9.2 62.8 ± 13.0 68.0 ± 7.8 0.121

LVDd (mm) 47 ± 7 49 ± 7 48 ± 5 0.109

Left Atrial Diameter 
(mm)

40 ± 7 41 ± 5 44 ± 6 0.024

AF, atrial fibrillation; eGFR, estimated glomerular filtration rate; BNP, brain natriuric peptide; LVEF, 
left ventricular ejection fraction; LVDd, left ventricular diastolic diameter. Values are given as the 
mean ± SD.
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weeks after the procedure. In all patients, the AADs were continued 
for at least the first 3 months of the blanking period. An attempt was 
made to discontinue the AADs 3-6 months following the ablation, 
except for in the patients with AF or AT recurrences, defined by 
an episode lasting ≥30 seconds. A repeat procedure was offered if 
recurrences occurred 3 months following the index procedure. The 
AADs were continued or resumed in recurrent patients who refused 
a repeat procedure or recurred after multiple procedures. Oral 
anticoagulants were essentially discontinued based on the patient’s 
CHADS2 score [1]. The follow-up visits consisted of a clinical 
interview, ECG, and 24-hour Holter monitoring every 3, 6, and 12 
months. After 12 months, the patients were seen thereafter every 
6-12 months at our center. Either the last follow-up entry data set
based on the last office visit or a telephone questionnaire were used
to assess the long-term freedom from recurrence.
Statistical analysis
   The categorical variables are expressed as absolute and relative 
frequencies. Continuous variables are expressed as the mean ± SD 
or median and interquartile range (IQR) (25th, 75th percentile) as 
appropriate. A comparison between the groups was performed with 
a Student’s t-test or Wilcoxon rank-sum test, as appropriate. For 
categorical data, a Chi-squared or Fisher’s exact test was applied, 
as appropriate. The estimated freedom from arrhythmia recurrence 
after catheter ablation was calculated using a Kaplan-Meier analysis, 
and long-lank statistics were used for the overall comparisons 
among the three groups. In addition, a post hoc pairwise analysis 
was performed with the use of the Bonferroni method. To clarify 
the clinical predictors of the outcomes, a univariate Cox proportional 
analysis was first performed. Sequentially, all variables significant in 
the univariate analysis were included in the multivariate analysis, 
and the hazard ratios (HRs) and 95% confidence intervals (CI) were 
calculated. A 2-tailed p value of <0.05 was considered to indicate 
statistical significance. All statistical analyses were performed with 
SPSS statistics software (IBM Corp, Armonk, NY). 
Results
   The baseline demographics, clinical characteristics, echocardiographic 
variables, and biomarkers are shown in Table 1. The age was the 
highest in the group A and lowest in the group B patients. The 
duration of AF in the three groups was 2.8±4.4 years, 3.0±2.1, and 
8.1±2.8, respectively (P < 0.001). The duration of the persistence was 
0.5±0.2 years, 2.2±1.1, and 7.8±2.7, respectively (P < 0.001). Three 
hundred seventy-eight procedures, that is 1.6 procedures per patient, 
were performed: 119 had 1, 96 had 2, 17 had 3, and 4 had 4 procedures. 
Figure 1 provides an overview of the procedures. After the index 
procedure, SR was maintained in 107 of 236 (45%) patients. A roof 
and bottom floor line, mitral isthmus line, and SVC isolation were 
performed in 38 (16%), 6 (3%), and 22 patients (9%), respectively. 
Among the 129 patients with a recurrence, 2nd procedures were 
performed in 117 patients, including 12 (5%) who had only an AT 
recurrence. During the 2nd procedure, after isolating the reconnected 
PV, no further AF or AT was induced in 34 patients (29% of the 
117 patients), and only AT was induced in four patients (3%). 
Substrate modification during AF was performed in the remaining 
83 patients, and in 11 of whom AF was terminated by ablation 
(13%). After the 2nd procedures, 59 of 117 patients (50%) presented 
with recurrences, 16 (14%) of whom had AT. Of the 59 patients, 
19 underwent 3rd procedures, and 10 had recurrences, including 
three with AT recurrences. Among the 10 patients, four patients 

underwent a 4th procedure, and one patient had an AF recurrence. 
During a median follow-up of 3.3 (IQR: 1.9, 5.3) years, 177 of 236 
(75%) patients remained in SR. AADs were continued in 112 of 236 
patients: 72 of 177 patients (41%) without recurrences, and 40 of 59 
(70%) with recurrences. Bepridil was used in 77 (mean dose 99 ± 
39mg), amiodarone in 11 (mean dose 113 ± 39mg), and class I AADs 
in 24. Oral anticoagulants were discontinued in 85 patients (48%) 
without recurrences, and in 19 (32%) with recurrences. Of the 19 
patients with recurrences, 18 discontinued their oral anticoagulants 
due to a CHADS2 score of less than 1. The remaining patient with 
a CHADS2 score of 2 preferred to discontinue oral anticoagulants.
Clinical outcome after the index procedure
    In the Kaplan-Meier analysis, the estimated probability of an atrial 
arrhythmia-free survival without AADs at 1, 2 and 5 years was 49%, 
38%, and 26%, respectively (Figure 2). With AADs, the estimated 
probability of an atrial arrhythmia-free survival at 1, 2 and 5 years 
was 64% (group A 73%, group B 63%, and group C 32%), 51% 
(group A 58%, group B 50%, and group C 29%), and 37% (group 
A 46%, group B 37%, and group C 15%), respectively (Figure 2). 
There was a significant difference between the groups in terms of 
the recurrence rate after the index procedure (P<0.001, Figure 2). 
In the three subgroups, there was no difference between Group A 
and Group B (P=0.182), whereas Group C had a significantly higher 
recurrence rate than Group A (P<0.001).
Clinical outcome after multiple procedures
    In the Kaplan-Meier analysis, the estimated probability of an atrial 
arrhythmia-free survival without AADs at 1, 2 and 5 years was 64%, 
60%, and 41%, respectively (Figure 2). With AADs, the estimated 
probability of an atrial arrhythmia-free survival at 1, 2 and 5 years was 
95% (group A 99%, group B 94%, and group C 86%), 90% (group 
A 98%, group B 86%, and group C 80%), and 69% (group A 84%, 
group B 65%, and group C 55%), respectively (Figure 2). There was a 
significant difference between the groups in terms of the recurrence 
rate after multiple procedures (P=0.001: P=0.024 for Group A vs. B, 
P<0.001 for Group A vs. C, and P=0.047 for Group B vs. C).
Factors for arrhythmia recurrence
  [Table 2] summarizes the clinical factors associated with the 
recurrence after multiple procedures. In the univariate analysis, the 
duration from the time when the patient was initially diagnosed with 
paroxysmal or persistent AF to the time during the index procedure 
(HR 1.112; CI, 1.033 to 1.197; P = 0.005), and the duration of 
persistent AF (HR 1.246; CI, 1.120-1.385; P < 0.005) were predictors 
of arrhythmia recurrence. In the multivariate analysis, the duration of 
persistent AF was an independent predictor of arrhythmia recurrence 
(HR, 1.206; 95% CI, 1.053 to 1.381; P = 0.007).
Incidence of permanent AF after multiple procedures
   A permanent form of AF recurrence occurred in eight of the 236 
patients (3%), and the incidence rate was 9.29 cases per 1000 person-
years. No patients with AF recurrence in group A had permanent AF. 
Five of the eight patients were from group B (5% of 101 patients), 
whereas the remaining three patients were from group C (8% of 36 
patients). In the Kaplan-Meier analysis, there was no significant 
difference between the three groups in terms of the number of 
patients with permanent AF (P=0.055, Figure 2). There was also no 
significant difference in the incidence of permanent AF between 
each group (P=0.157 for Group A vs. B, P=0.053 for Group A vs. C, 
and P=0.997 for Group B vs. C).
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continued in 70% of the recurrent patients. In our study, the majority 
of the recurrent patients having been continued on bepridil, class 
IV AADs with a multiple ion-channel blocker, was highly effective 
for the maintenance of SR in patients with persistent AF, compared 
with amiodarone [8]-[10]. Kondo et al. demonstrated that bepridil 
reduced the recurrence of AF compared to amiodarone and class 
I AADs in patients who underwent catheter ablation of persistent 
AF [11], and a Japanese nationwide survey of catheter ablation of 
AF revealed that bepridil was most frequently prescribed (17.4%), 
specifically in patients with persistent AF [12], both of which were 
in agreement with our results. The annual incidence of permanent 
AF was 0.929% in this study, which was lower than that for PAF in 
those treated with bepridil (4%) alone [13], suggesting the additional 
effect of catheter ablation on bepridil. Importantly, the relatively 
low dose of bepridil (99±39mg) for AF recurrence was effective for 
avoiding a permanent form of AF recurrence, while minimizing the 
risk of QT prolongation associated with high doses of 200mg [14], 

[15]. Due to the concern over the impairment of the long-term atrial 
function after extensive substrate modification [16], extensive substrate 
modification was selectively performed in 35% of the patients (83 of 
236 patients) . Considering the limited number of recurrent patients 
with permanent AF, our stratified approach for catheter ablation of 
persistent AF, in conjunction with low dose AADs, contributed to 
the downgrade of persistent AF, likely associated with the reduction 
in the AF burden.

In this study, the LA diameter differed among the groups, 
suggesting the correlation between the duration of AF and degree 
of atrial structural remodeling. The LA diameter has been shown 
to be a predictor of recurrence after catheter ablation [1], but it was 
not a predictor of recurrence in the univariate analysis in this study, 
possibly due to our limited sample size and patient selection bias that 
patients with severely dilated LA may have been excluded.
AF burden, thromboembolic events, and mortality

The AF burden is highly associated with the incidence of 
thromboembolic events, which are one of major adverse events 
associated with AF. Recent studies with a large number of AF 
patients has shown an increased risk of thromboembolic events in 
patients with persistent AF as compared to PAF [17]-[20]. Takabayashi 
et al. reported that the annual incidence of thromboembolic 
events was 1.4 and 3.0 per 100 person-years in patients without a 
progression from PAF to persistent AF, and those who progressed 
to persistent AF, respectively [19]. In the study of the ENGAGE AF-
TIMI 48 trial, strokes/systemic embolic events were lower in those 
patients with PAF (1.49%/year), compared to that in persistent 
(1.83%/year) and permanent AF (1.95%/year). Furthermore, the 
all-cause mortality was lower in those with paroxysmal (3.0%/year) 
than in those with persistent (4.4%/year) and permanent AF (4.4%/
year) [20]. Other reports also demonstrated a higher risk for all-cause 
mortality in patients with persistent AF than in those with PAF [17], 

[18]. Interestingly, the majority of deaths in a large anticoagulated AF 
population were not related to strokes [21]. Marijon et al. reported 
that cardiac deaths accounted for 37.4% of all deaths (persistent 
AF was 67.2% of 18113 patients), whereas stroke and hemorrhage 
related deaths represented 9.8%. Those results suggest that the 
increased mortality may not only be related to an increased risk of 
thromboembolic events, but to an impairment of the cardiac function 
associated with AF persistence in patients with a high AF burden. 
There have been previous studies demonstrating a low incidence of 

Procedural adverse events
    Among 378 procedures, there were four major complications (1%) 
in this study. Transient ischemic attacks occurred in two patients. 
One patient experienced one shortly after the catheter ablation, 
and the other experienced one 10 days after the catheter ablation. 
One patient developed pulmonary edema requiring mechanical 
ventilation, resulting in a prolonged hospitalization. Cardiac 
tamponade occurred in one patient. During the follow-up period, 
two patient died from non-cardiac causes (one patient died from 
pharyngeal cancer, and the other from pancreatic cancer), while no 
patients died from cardiac disease. No late thromboembolic events 
occurred more than one month after the catheter ablation, and no PV 
stenosis or atrioesophageal fistula occurred.
Discussion

In this single center study, we found that the AF duration was 
significantly associated with arrhythmia recurrence after the catheter 
ablation. However, in conjunction with AADs, the incidence of 
permanent AF in patients with long-standing persistent AF was 
similarly low compared to that with an AF duration of <1 year.
Impact of catheter ablation and concomitant AADs on the 
downgrade of persistent AF

The impact of the AF duration on the arrhythmia recurrence, 
shown in this study, was in agreement with the previous study. Tilz et 
al. demonstrated that the arrhythmia-free survival was significantly 
higher among patients with an AF duration of <2 years than among 
those with an AF duration of >2 years [5]. In our study, patients with 
an AF duration of ≥5 years had the highest arrhythmia recurrence 
rate. However, the number of such patients with a persistent form of 
AF was fairly low (8%) after multiple procedures, while AADs were 

Table 2: Factors for arrhythmia recurrence after multiple procedures

Univariable Multivariable

HR P 95% CI HR P 95% CI

Male gender 0.983 0.207 0.956-1.010

Age 1.251 0.586 0.560-2.794

Duration of AF 1.112 0.005 1.033-1.197 1.054 0.299 0.954-1.164

Duration of AF 
persistence

1.246 <0.001 1.120-1.385 1.206 0.007 1.053-1.381

Hypertension 0.83 0.603 0.411-1.675

Diabetes 0.302 0.258 0.038-2.410

Prior stroke 0.21 0.136 0.27-1.637

Congestive heart 
failure

0.675 0.494 0.219-2.083

Ischemic 
cardiomyopathy

0.439 0.446 0.053-3.644

Dilated 
cardiomyopathy

3.218 0.248 0.44-23.383

Hypertrophic 
cardiomyopathy

3.259 0.155 0.639-
16.620

Valvular 
cardiomyopathy

3.302 0.099 0.798-
13.654

eGFR 1.006 0.546 0.987-1.025

BNP 0.999 0.668 0.997-1.002

LVEF 0.983 0.223 0.957-1.010

LVDd 1.044 0.058 0.999-1.090

Left Atrial 
Diameter

1.038 0.143 0.987-1.091

AF, atrial fibrillation; eGFR, estimated glomerular filtration rate; BNP, brain natriuric peptide; LVEF, 
left ventricular ejection fraction; LVDd, left ventricular diastolic diameter. Values are given as the 
mean ± SD.
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NakataYasuro, DaidaHiroyuki. Conversion and maintenance of sinus rhythm by
bepridil in patients with persistent atrial fibrillation. Circ. J. 2005;69 (1):44–8

9. Fujiki Akira, TsunedaTakayuki, SakabeMasao, NakagawaKeiko, MizumakiKoichi, 
HiraiTadakazu, InoueHiroshi. Maintenance of sinus rhythm and recovery of atrial 
mechanical function after cardioversion with bepridil or in combination with
aprindine in long-lasting persistent atrial fibrillation. Circ. J. 2004;68 (9):834–9

10. Yamase Miki, NakazatoYuji, DaidaHiroyuki. Effectiveness of amiodarone versus
bepridil in achieving conversion to sinus rhythm in patients with persistent atrial
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11. Kondo Takehito, MiakeJunichiro, KatoMasaru, OguraKazuyoshi, IitsukaKazuhiko, 
YamamotoKazuhiro. Impact of postprocedural antiarrhythmic drug therapy with
bepridil on maintaining sinus rhythm after catheter ablation for persistent atrial
fibrillation. J Cardiol. 2016;68 (3):229–35

12. Murakawa Yuji, NogamiAkihiko, ShodaMorio, InoueKoichi, NaitoShigeto,
KumagaiKoichiro, MiyauchiYasushi, YamaneTeiichi, MoritaNorishige,
MitamuraHideo, OkumuraKen. Nationwide survey of catheter ablation for
atrial fibrillation: The Japanese catheter ablation registry of atrial fibrillation
( J-CARAF)-A report on periprocedural oral anticoagulants. J Arrhythm. 2015;31 
(1):29–32

13. Shimizu A. Prognosis of paroxysmal atrial fibrillation (PAF) in patients treated
with rhythm control and predictors of the transition from PAF to chronic AF. Jpn 
J Electrocardiol. 2010;30:171–173

14. Yamashita Takeshi, OgawaSatoshi, SatoToshiaki, AizawaYoshifusa,
AtarashiHirotsugu, FujikiAkira, InoueHiroshi, ItoMakoto, KatohTakao,

thromboembolic events after a successful catheter ablation of AF [22]-

[24]. More recently, a propensity score-matched analysis revealed that 
the adjusted HRs for strokes and mortality were lower in patients 
undergoing catheter ablation than in those who did not [25]. Therefore, 
catheter ablation of AF may have an impact on the decreased risk of 
thromboembolic events and mortality, possibly due to the beneficial 
effect of the reduction in the AF burden.
Limitations

First, our single center study had no control group without catheter 
ablation to compare the incidence of thromboembolic events and the 
cardiovascular mortality. Furthermore, there was a lack of evidence 
to support the favorable effect of downgrading AF on the clinical 
outcomes due to the relatively small number of patients. To address 
that issue, lager and randomized trials are required. Second, almost 
half of the patients continued on AADs after the procedures. 
Although there were no patients with adverse events from the AADs 
in this study, the long-term safety of AADs should be cautiously 
monitored in our patients. Third, in the absence of the continuous 
monitoring devices, it was likely that some of the patients we regarded 
as being free from AF had undetected arrhythmia recurrences. These 
false negatives, if detected, should have been included in the patients 
without arrhythmia recurrences. Nevertheless, the undetected PAF 
would not have affected the clinical relevance of our study. Fourth, 
the symptomatic severity was not systematically assessed during 
the enrollment of the patients. The efficacy of catheter ablation 
in patients with symptomatic persistent AF has been widely 
recognized, while it has not fully investigated in asymptomatic 
patients. Recently, we conducted a study to determine the efficacy of 
catheter ablation in patients with asymptomatic persistent AF, and 
found that maintenance of SR after catheter ablation was associated 
with an improvement in quality of life, exercise performance, and 
plasma B-type natriuretic peptide level [26]. Interestingly, there was 
a significant linear correlation of an increased duration of exercise 
and plasma BNP decrease. It is suggested that catheter ablation is 
effective for the maintenance of SR irrespective of symptoms in 
patients with persistent AF’.
Conclusions

The risk of AF recurrence increases as the duration of persistent 
AF increases. However, the majority of recurrent patients with 
long-standing persistent AF continued on AADs and continued to 
have a paroxysmal form of AF. In conjunction with AADs, catheter 
ablation may have an impact on the reduction in the AF burden in 
such patients with an advanced AF disease stage.
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Case
67 year old male with history of hypertension (HTN), diabetes 

mellitus (DM), and persistent atrial fibrillation (AF) who was being 
evaluated for aMAZE study underwent a Computed tomography 
angiography (CTA) for screening purposes. Left atrial appendage 
(LAA) was found to be missing [Figure 1] and patient had no 
previous history of surgical or percutaneous left atrial appendage 
exclusion.
Discussion
    Left atrial appendage develops in 3rd -4th week of embryonic life 
from the left wall of the primary atrium and functions like a left atrium 
during the fetal life [Figure 2] [1]. In adults it is believed to function 
as a decompression chamber during elevated left atrial pressures 
including left ventricular systole or volume overload situations. It 
also contributes towards left atrial reservoir and contractile functions 
[2]. Its physiological and ultrastructural properties are distinct from 
the left atrium main chamber. Left atrial appendage (LAA) has 
particularly drawn attention in the last decade due to its potential 
role in the atrial fibrillation (AF) and thromboembolic phenomena. 
Ninety percent of thrombi, in the setting of non-valvular atrial 
fibrillation, are found in left atrial appendage [3] and around 27% of 
patients presenting for repeat ablation procedures have triggers in left 
atrial appendage [4]. Mechanical closure/isolation of LAA for stroke 
prevention is, therefore, a new trend in the world of electrophysiology. 
Congenital absence of left atrial appendage is very rare and its impact 
on electromechanical properties of left atrium are not known. But, 
of more interest and significance would be, its clinical implications 

for the patient with atrial fibrillation in terms of anticoagulation or 
even ablation procedures. These are the areas that would need further 
studies and /or thorough literature review of such cases, in order to 
get some answers.
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Abstract
Isolated absence of left atrial appendage is a very rare entity and is usually encountered as an incidental finding during routine imaging for 

other purposes. Lately, with increasing fund of knowledge about its potential role in cardio embolic phenomena, we have seen an increased 
trend in the use different techniques to exclude left atrial appendage from main left atrial chamber, in an effort to alleviate the stroke risk 
and therefore the need for long term anticoagulation. Clinical implications of absent left atrial appendage in such patients remains a mystery.
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Figure 1:

(A,B,C,D,E,F)
Multidetector computed tomography imaging of the left atrium marking the structures relative to left atrial appendage using multiplanar 
reconstruction images (A-axial, B-coronal, C-sagittal) and 3 dimensional volume-rendered images at different angles (D,E,F). LAA: Left 
atrial appendage, RUPV: Right upper pulmonary vein, LV: Left Ventricle, LA: Left Atrium, DA: Descending Aorta.

Figure 2:

Illustrating embryologic development of the left atrium and left atrial appendage (LAA). Note the    primitive left atrium (trabeculated 
pattern) becomes left atrial appendage (LAA) and part of the   pulmonary vein becomes the smooth portion of the left atrium (Blue). EC: 
Endocardial Cushion, LA : Left atrium, LAA: Left atrial appendage
Reproduced from Acta Radiol Short Rep. 2015 Jan; 4(1): 2047981614562443.
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Introduction
Well-described acute procedure-related adverse effects of 

cryoablation of atrial fibrillation (AF), resulted clinical conditions 
including life-threatening events and the acute management of them 
have been presented previously[1]. Coronary air embolism related 
to left-sided cardiac procedures, however, has been relatively less 
described. Herein, a case underwent cryoballoon AF ablation and 
detected coronary air embolism and its acute management was 
discussed.
Case report

A 57-year-old female with coronary heart disease and paroxysmal 
AF was referred to our center for cryoballoon ablation of AF. 
Following proper patient preparation including transesophageal 
echo, a transseptal catheter placement using an 8F SL1™ (St. Jude 
Medical) sheath was performed and the sheath was replaced with 
a FlexCath Advance™ sheath (Medtronic) to introduce the Arctic 
Front Advance™ cryoballoon catheter (Medtronic) under conscious 
sedation. Just seconds after placement of the FlexCath™, the patient 
reported heavy chest pain. The continuous 12-lead ECG showed 
ST elevations in leads DII, DIII and aVF with corresponding ST 
segment depression in other derivations and worsening AV block. 
The decapolar catheter in the coronary sinus was immediately 
placed in the right ventricular apex. Urgent coronary angiography 
of the right coronary artery demonstrated air bubbles in the right 
coronary cusp and the right coronary artery with total occlusion of 
the vessel ([Figure 1] and Video). Immediately, a 0.014” guidewire 
was introduced and a 6F compatible manually controlled thrombus 

aspiration catheter (Hunter™, IHT Cordynamic) was placed just 
before the occlusion [Figure 2]. Multiple rapid suctions through the 
catheter resulted in air filling of the syringe and full patency of the 
vessel on coronary angiogram with complete resolution of ST segment 
elevations and diminishing of chest pain [Figure 2]. The left coronary 
system was also patent. The transseptal sheath was also controlled 
for any air. After complete hemodynamic stability and no clinical 
evidence for other organ-system embolism, unfinished procedure 
was finished with the isolation of all 4 pulmonary veins without any 
other problem. The day after the procedure was uneventful and the 
ECG and transthoracic echo showed no abnormality.
Discussion

Air embolism to the systemic circulation via introducing catheters 
and atrio-esophageal fistula during and/or after AF ablation is always 
a catastrophic complication[2]. In the acute setting, the majority was 
due to catheters exposing systemic circulation. Possible mechanisms 
causing air embolism from introducing catheters are multiple 
catheter exchanges and rapid removal of catheters and dilators, deep 
sedation and prolonged apnea periods with deep breaths, and air-
opened or loosened hemostasis valves, all causing negative pressure 
and air transportation through the catheter into the low pressure 
left atrium[3],[4]. In our case, the most possible mechanism seems as 
rapid removal of the dilator of the FlexCath™. Because symptoms 
started just after removal of the dilator and, the patient had no deep 
sedation causing deep apnea periods. Also, no catheter exchanges 
were performed before the complication. The management of the 
complication was through mechanic aspiration of the air using a 
thrombus aspiration catheter without forceful injection of contrast 
medium or saline, which may cause distal embolization, vascular 
damage, or proximal leakage of bubbles causing other organ/system 
embolization[5]. Various maneuvers to be applied to prevent air 
embolism are slow removal of dilators and catheters, continuous 
heparinized saline infusion, no so deep sedation, minimized number 
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Abstract
Various acute complications and their management during ablation of atrial fibrillation have been described. In the current report, 

coronary air embolism, its acute adverse effects and management of the problem were presented in a patient underwent cryoballoon 
ablation of atrial fibrillation.
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Conclusions
In conclusion, air embolism to the coronary artery during 

cryoablation of AF can cause myocardial infarction and proper 
aspiration of air bubbles using aspiration catheter can resolve the 
problem without any sequela.
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of catheter exchanges, and review for loosened hemostatic valves. 
Lastly, the cause of air embolism to the right sinus of Valsalva and the 
right coronary artery without involvement of other organ-systems 
can be more superior position of the right sinus of Valsalva and, so 
the right coronary artery in supine position.
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Figure 1:
Selective right coronary angiography showed air bubbles (white 
arrows) in the vessel in the left anterior oblique projection. CS, 
decapolar coronary sinus catheter; FC, 15F FlexCath™ catheter

Figure 2:

A 0.014” guidewire and the Hunter™ aspiration catheter were 
introduced in the vessel (A) (white arrow, distal marker of the 
aspiration catheter). Forceful aspiration was resulted in complete 
patency of the vessel without residual air (B). Coronary sinus 
catheter was placed in the right ventricular apex.
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Introduction
 A 70-year-old male patient presented to the cardiology consult 

for a routine follow-up. Prior history of hypertension and permanent 
atrial fibrillation (AF) treated with Bisoprolol 5 mg once a day and 
anticoagulation. As part of his workup, a 24-hour Holter monitoring 
was obtained showing several wide QRS complex beats. What’s the 
mechanism?

Holter analysis revealed AF with an average heart rate of 100 bpm. 
The patient presented with several wide QRS complex beats that 
were counted as premature ventricular contractions (PVCs). A closer 
analysis of the ECG recording allows suspecting aberrancy given 
the fact that the wide QRS complexes are always preceded by short-
long-short sequences and the wideness of the QRS varies depending 
on the duration of the prior pause.

Ashman phenomenon is usually seen during AF which provides 
the opportunity for a variation of cycle lengths. In our case, the 
longer the pause; the wider the QRS complex. In [Figure 1]; a pause 
of 828 ms followed by a short coupling interval of 375 ms, resulted 
in a QRS complex of 110 ms; however, a pause of 898 ms followed 
by the same coupling interval, produced a QRS of 120 ms. It is 
conceivable, as shown in [Figure 1], that a longer pause (1328 ms) 
with the same coupling interval, included part of the anterior left 
fascicle also refractory, thus aberrancy is more remarkable (channels 
1, 2, 3 of the Holter represent leads II, III and V5 of the surface 
ECG). This phenomenon demonstrates Ashman’s dynamicity. The 
fact that the coupling interval of the short interval remains constant, 
but the preceding long cycle length varies, led us to believe that the 
degree of aberrancy depends on the longer cycle interval. [Figure 2] 

shows the comparison of a normally conducted beat (A) followed by 
progressively wider QRS complexes due to different level of aberration 
(B to D). The differential diagnosis of Ashman phenomenon should 
be established with PVCs.

Ashman phenomenon is a physiological response of intraventricular 
conduction in response to cycle length variations. Short-long-short 
sequences facilitate aberrancy, however, the dependency of the 
aberrancy on the long cycle interval, has scarcely been reported. 
Prolongation of the preceding long cycle generates different 
degrees of aberrancy (Ashman dynamicity) which is a reflection of 
involving the anterior fascicle in the mechanism of aberrancy. The 
most common manifestation of aberrancy during AF seen in clinical 
practice occurs in the right bundle.
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Abstract
A case of a patient with Atrial Fibrillation and intermittent wide complex beats. What’s the mechanism?
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Figure 1:
Panel A: Ashman phenomenon: different levels of aberrancy in the right bundle due to variations in the cycle length (See text for details). 
Ashman’s dynamicity. 
Panel B: Ashman phenomenon: major degree of aberrancy involving the right bundle and the left anterior fascicle (See text for details).



Figure 2: Comparison of a normally conducted beat (A), to different degrees of aberrancy due to Ashman’s dynamicity phenomenon (B to D).
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Case Report
A 58-year-old woman with a history of hyperlipidemia and 

drug-refractory paroxysmal atrial fibrillation was referred to our 
electrophysiology practice for catheter ablation. Her preoperative 
medications only included digoxin and aspirin, and these were not 
withheld prior to the procedure. A preoperative transesophageal 
echocardiogram confirmed the absence of thrombus in the left 
atrial appendage. Transseptal catheterization of the left atrium 
was performed with the aid of intracardiac echocardiography 
(AcuNav, Siemens Medical Solutions, Inc., Mountain View, CA) 
by direct puncture of the mid-posterior fossa ovalis with a 71-cm 
Brockenbrough transseptal needle (BRK-1, St. Jude Medical, St. 
Paul, MN) and an 8.5-French 63-cm guiding introducer sheath 
(SL-1, St. Jude Medical), followed by an over-the-wire exchange for 
a 12-French steerable sheath (FlexCath Advance, Medtronic Inc., 
Minneapolis, MN). Unfractionated heparin was administered via 
intravenous boluses started prior to transseptal puncture, followed by 
a continuous infusion to achieve activated clotting times >300 seconds 
during ablation in the left atrium. Pulmonary vein isolation and 
superior vena cava isolation were performed under general anesthesia 
using a 28-mm cryoballoon ablation catheter (Arctic Front Advance, 
Medtronic Inc.) and a 4-mm radiofrequency ablation catheter (Blazer 
II, Boston Scientific, Natick, MA), respectively. Left atrial mapping 
and ablation were completed within 75 minutes exclusively with 

the cryoballoon sheath and catheter, and an additional 15 minutes 
were spent with the sheath and a radiofrequency ablation catheter in 
the right atrium to complete superior vena cava isolation. Heparin 
anticoagulation was then reversed with protamine, and six hours post 
procedure she was started on therapeutic oral anticoagulation with 
rivaroxban. She was discharged the next day in good condition.

On postoperative day#1, she developed a left occipital headache 
described as sharp but non-pulsatile that was initially mild in severity 
and relieved with oral acetaminophen. On post-operative day #3, the 
patient developed the sudden onset of visual symptoms described as 
bright flashes of light accompanied by blurriness of her peripheral 
vision bilaterally. Over the next 45 minutes, her vision normalized, 
at which time she developed recurrence of her left-sided headache. 
She had the return of similar visual symptoms the following day, and 
presented to the emergency department. Her blood pressure was 
113/73 with a pulse of 94 beats per minute. She was alert and oriented 
to time, person and place. Her neurologic examination was non-focal. 
Laboratory studies, including complete blood count, renal function, 
and serum electrolytes were all normal. Serum digoxin level was 
0.6 ng/mL. Electrocardiography and cardiac monitoring confirmed 
normal sinus rhythm. She underwent computed tomography (CT) 
imaging of her head, which showed no intracranial hemorrhage or 
mass lesion; CT angiography demonstrated no intracranial vascular 
stenosis. Magnetic resonance imaging of her brain was performed, 
which revealed only minimal nonspecific white matter disease, and 
no evidence of acute or subacute infarction [Figure 1]. Visualized 
portions of the orbits, optic nerves and visual pathways were also 
normal.

She was evaluated by the neurology service, who felt her 
presentation was consistent with a new onset migraine with visual 
aura. She had no previous history of migraine headaches. She did 
not have clinical evidence of an ischemic stroke or transient ischemic 
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Abstract
We report the case of a 58-year-old woman who developed a headache and visual disturbances after a cryoballoon ablation procedure for 

atrial fibrillation at our institution. She presented to the emergency department four days post ablation and was admitted the hospital for 
overnight observation. Serial neurological examinations and neuroimaging were unremarkable for stroke or transient ischemic attack. The 
patient had some brief transient visual changes which resolved completely after several days, with no further clinical sequelae. She followed 
up in the outpatient neuro-ophthalmology clinic and had a normal visual field examination. She was given a diagnosis of new onset migraine 
with visual aura.
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attack after overnight observation. She was discharged home in good 
condition. Over the next several days, she experienced some transient 
blurriness in her vision lasting approximately 45 minutes without 
headache or loss of peripheral vision. She had a follow-up visit in 
the neuro-ophthalmology clinic one week postoperatively, and both 
fundoscopic examination and visual field testing were within normal 
limits [Figure 2]. She had a follow-up visit in the cardiology clinic 
one month postoperatively, and described no further clinical sequelae.
Discussion

Catheter ablation of atrial fibrillation (AF) has evolved as a safe 
and highly effective treatment for drug-refractory symptomatic 
AF.[1]Over the last few years, cryoballoon ablation has become an 
increasingly utilized technique for the treatment of AF in the 
electrophysiology laboratory.[2] There have been a number of reports 
describing headache and migraines after AF ablation, including 
studies that suggest an increased incidence during and after 
cryoballoon AF ablation.[3]-[7]

There appears to be a specific link between the iatrogenic atrial septal 
defect (IASD) caused by transseptal puncture and the development 
of post-procedure migraines. In a series of 571 consecutive patients 
undergoing transseptal catheterization at the time of catheter ablation 
for left-sided cardiac arrhythmias at a single center, isolated migraine 
aura occurred with an incidence of about 0.5%. In these patients, 
transient and reversible visual symptoms were noted in the first week, 
with a negative workup for stroke or transient ischemic attack in all 
cases.[3] A larger series of 2,069 patients, undergoing radiofrequency 
catheter ablation for AF, saw a 2.3% incidence of post-procedure 
headaches, with new-onset definite migraines described in 1.1% of 
patients.[5] Another study did find an association between new or 
worsening migraine symptoms and silent cerebral infarcts on brain 
MRI after AF ablation, which suggest thromboembolism and/
or hypercoagulability may play a role in the development of post-
procedure migraines. [8] In fact, in this study, therapeutic levels of 
warfarin anticoagulation maintained during the peri-procedural 
period were associated with freedom from migraine. Specifically, it 
is hypothesized that IASD, similar to a native patent foramen ovale, 
can result in paradoxical embolism of platelets, thrombin and other 
substances that might contribute to the pathogenesis of migraine. [9]

Cryoballoon AF ablation is performed using a larger transseptal 
sheath (12 French inner diameter, as opposed to 8 or 8.5 French for 
radiofrequency AF ablation), which may be associated with a higher 
risk of persistent post-procedure IASD.[10] In a study of 87 consecutive 

patients followed for three months after cryoballoon ablation, 8% 
reported new symptoms of headache with ocular symptoms such 
as scotoma.[4] Most symptoms had disappeared when patients were 
reevaluated in the outpatient clinic three months after the ablation 
procedure. To the extent that the larger transseptal hole may allow 
for a greater propensity for thrombo-embolism and potentially 
migraine symptoms, anticoagulation strategies such as uninterrupted 
and therapeutic pre-procedure oral anticoagulation and intravenous 
heparinization prior to transseptal puncture, may be even more 
important for cryoballoon AF ablation than for radiofrequency AF 
ablation cases. Interestingly, in the study by Mohanty et al., there 
were no cases of new migraine or silent cerebral infarcts in the cohort 
that underwent AF ablation with therapeutic INR on the day of the 
ablation procedure. Pre-procedure warfarin was not utilized in our 
patient as she opted for an oral anticoagulant that would not require 
INR monitoring. It is common practice in our institution to suspend 
anticoagulation with a direct oral anticoagulant such as rivaroxaban 
24 to 48 hours pre-procedure, or initiate it postoperatively in patients 
who have not been previously anticoagulated. This practice is in 
contradistinction to the management of our patients on warfarin, 
which is not suspended pre-procedure, and may in retrospect have 
increased the risk of post-procedure migraine in this patient. Recent 
data on the use of direct oral anticoagulants during AF ablation 
suggest that uninterrupted apixaban administration may be a feasible 
and effective strategy in preventing thromboembolic events without 
increasing the risk of major bleeding complications. [11]

Figure 1: Magnetic resonance imaging (MRI) of the brain obtained post
ablation

Figure 2: Visual field testing of left (left panel) and right (right panel) eyes 
post ablation

Conclusions
Migraine with visual aura is an increasingly recognized postoperative 

complication of AF catheter ablation procedures, and may be related 
to the presence and size of transseptal sheaths used intraoperatively, 
and the peri-procedural anticoagulant regimen. Neuroimaging 
and a thorough ophthalmologic examination are necessary to rule 
out potential thromboembolic and/or vascular causes in patients 
presenting with acute visual disturbances post ablation.
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Introduction
Atrial fibrillation (AF) ablation has emerged as the preferred 

rhythm control strategy for symptomatic paroxysmal AF refractory or 
intolerant to at least one class I or III antiarrhythmic medication[1],[2]. 
Since the initial observation by Haissaguerre and colleagues, of 
pulmonary vein triggers initiating atrial fibrillation (AF)[3], pulmonary 
vein isolation (PVI) has become the cornerstone for paroxysmal AF 
ablation therapy[4]. Despite technological advances and growing 
operator experience in performing percutaneous catheter ablation 
for AF, either by use of radiofrequency(RF) or cryotherapy, the long 
term procedural success rates for persistent AF and long standing 
persistent AF have not paralleled those of paroxysmal AF[5]-[8]. Due to 
the high recurrence rates observed in patients with persistent AF with 
PVI alone, efforts have been directed towards identifying additional 
strategies to improve the outcomes of persistent AF ablation. These 
strategies have included linear ablation lesions in the left and right 
atria, autonomic ganglionic plexi ablation, ablation directed by 
complex fractionated electrograms, ablation of non-pulmonary vein 
triggers, RF or ethanol ablation of the vein of Marshall and most 
recently, focal impulse and rotor modulation (FIRM). However, 
there is no consensus nor reproducible multicenter outcome data that 
would support one strategy over another. The randomized Substrate 
and Trigger Ablation for Reduction of AF Trial Part II (STAR AF 
II) failed to demonstrate any significant reduction in AF recurrences
when linear ablation lines or complex fractionated electrogram
based ablation was performed in addition to pulmonary vein antral
isolation (PVAI) as compared to PVAI alone strategy[10]. Regardless
of the approach, 40-50% failure rates with catheter ablation were
observed over 12 months[10]. The results of this randomized trial
form an impetus for researching newer percutaneous approaches
for the treatment of persistent AF. The fundamental differences

in the pathophysiology of paroxysmal and persistent AF cannot 
be overemphasized. Anisotropic conduction, triggered activity, 
autonomic innervation of the heart, embryogenesis of thoracic veins 
and interspersion of inhomogenous tissue (thoracic veins and heart) 
are believed to play a major role in initiation and pathogenesis of 
AF in paroxysmal AF. However, persistent AF pathogenesis is more 
complex and cannot be siloed into a pathogenic rubric. Observations 
of atrial substrate characteristics have pointed to a link between atrial 
fibrosis and AF progression. With rapidly emerging data on this 
association, ablation strategies have been developed to eliminate low 
voltage regions that may indicate scar and/or zones of non-uniform 
anisotropic conduction within the left atrium and convert them into 
electrically silent regions. This ablation strategy is known as scar 
homogenization. In this review, we discuss the evidence behind the 
use of scar homogenization in AF ablation, its evolution and scope in 
delivering optimal outcomes.
Association between fibrosis and atrial fibrillation

There is growing evidence that atrial fibrosis plays a key role in 
maintenance of AF [11]-[13]. Atrial fibrosis may provide a substrate with 
electrophysiological properties of heterogeneity and nonuniform 
anisotropy which may help sustain the drivers for wavelet reentry. 
At a mechanistic level, Maesen et al[14] have shown with animal 
studies, that propagation of fibrillation waves is promoted by 
endocardial bundles in acute AF and by epicardial bundles in 
persistent AF. Remodeling of atrial fiber bundles result in endo to 
epicardial dissociation of electrical activity and the development of a 
3-dimensional AF substrate. This process at least in part contributes
to atrial structural remodeling and development of persistence of AF. 
In a study by Verma et al[15], out of a total of 700 consecutive patients
undergoing first-time PVAI, preexisting left atrial (LA) scarring
detected by contact voltage mapping with a multipolar circular
catheter was a powerful independent predictor of procedural failure
and was associated with a lower ejection fraction (EF), larger LA size, 
and increased inflammatory markers. Another study by Yamaguchi
et al showed that the low voltage zone (LVZ) area (defined by
bipolar voltage < 0.5 millivolts on electroanatomic mapping) was
an independent predictor of recurrence after PVAI without any LA
substrate modification[16]. There is growing evidence of significant
association between progression of AF and atrial fibrosis as detected
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by delayed enhancement MRI imaging (DE- MRI). The DECAAF 
study by Marrouche et al was a multicenter, prospective, observational 
cohort study of patients diagnosed with paroxysmal and persistent 
AF undergoing their first catheter ablation with PVAI[17]. Cardiac 
MRI was performed before ablation and atrial fibrosis was quantified 
and classified into stages with stage 1 (<10% of the atrial wall), 2 
(≥10%-<20%), 3 (≥20%-<30%), and 4 (≥30%). Cumulative incidence 
of recurrent arrhythmia by day 325 for stage 1, 2, 3 and 4 fibrosis 
was 15.3%, 32.6%,45.9% and 51.1% respectively. In another study, 
atrial fibrosis was measured by late gadolinium enhancement (LGE) 
cardiac MRI imaging at baseline in patients undergoing PVAI. 
Patients with LGE ≤ 35% had favorable outcomes, whereas those with 
a higher LGE had higher AF recurrence rates in the first year after 
ablation, regardless of whether the initial rhythm was paroxysmal or 
persistent AF [18]. The studies listed above emphasize the importance 
of baseline imaging and quantification of atrial scar as a key predictor 
of procedural outcomes after PVAI. Appropriate patient selection 
and individualizing decision making based on preprocedural odds 
of success may be important to consider specifically if PVAI alone 
strategy is planned. These studies also lay down the platform for other 
investigations looking at substrate modification in addition to PVAI, 
specifically in patients with severe LA scarring as detected by MRI 
imaging or electroanatomic mapping. While there is an abundance 
of basic science and clinical data emphasizing association between 
AF and fibrosis, the concept behind ablation strategies targeting ‘the 
atrial scar’ seems reasonable, although some important questions 
remain unanswered, such as “What comes first- the chicken or the 
egg?, the scar or the AF?” and “To what degree is one required for 
the other to occur?” or “Are they coexistent but independent of each 
other?”. If AF is the result of scar, does modifying the scar prevent 
further AF-induced scar formation, or harm by creating more scar?
Defining the ‘Atrial Scar’

 In a study by Kapa et al[19], LA bipolar voltage was measured in 
sinus rhythm (SR) and values lower than the amplitude of 95% of 
sampled points was used as the upper cutoff value for an abnormal 
signal. Delayed enhancement (DE) cardiac magnetic resonance 
imaging (CMRI) sequences were performed to validate voltage 
cutoffs. The authors showed that a voltage range of 0.2-0.45 mV 
can demarcate LA scar distribution during SR. Most studies have 
defined severely affected fibrotic areas as those with bipolar voltage 
on electroanatomic mapping of < 0.5 millivolts. However, the 
limitations of using bipolar voltage to define scar are well understood. 
Bipolar voltage amplitude depends on the type of mapping electrode, 
electrode tip size, orientation, interelectrode spacing and tissue 
contact[20]. Moreover, voltage in the same areas of the atrium do not 
follow the same cutoffs in AF as in SR or paced rhythm. Yagashita 
et al have shown that using electroanatomic mapping, mean bipolar 
voltage for same areas are lower in AF than in SR[21]. However, they 
found a linear voltage correlation between SR and AF, suggesting that 
LA fibrotic substrate may also be estimated in AF if the voltage cutoff 
is adjusted. In another study, there was no correlation between mean 
voltage or percentage low voltage during AF and paced rhythm[22]. 
Areas of complex fractionated electrograms and low voltage during 
AF frequently demonstrated normal atrial myocardial characteristics 
during SR. In addition, mean bipolar LA voltages, whether measured 
during AF, SR or pacing were lower in patients with persistent and 
long standing persistent AF than paroxysmal AF thereby correlating 

with AF severity and disease progression[23],[24],[25]. Recognizing the 
limitations of bipolar LA voltage as a marker of atrial scar is important 
as at least some of these limitations are avoidable. Standardization 
of mapping protocols, use of same catheter for building entire LA 
geometry and mapping with different voltage cutoffs based on the 
atrial rhythm as well as correlating with cardiac MRI when available 
include some of these measures that may potentially improve our 
ability to accurately define atrial scar.
Targeting the atrial substrate for AF ablation – Evidence ‘For’ 
and ‘Against’

[Table 1] summarizes the studies assessing the role of substrate 
modification in AF ablation. Rolf et al in 2014[26] studied 178 patients 
with paroxysmal or persistent AF who first underwent voltage 
mapping during SR after circumferential pulmonary vein isolation. 
Subsequently substrate modification was performed in the same 
procedure and confined to the presence of low voltage zones (LVZ) 
defined by bipolar voltage<0.5mV. They identified LVZs in 35% and 
10% of patients with persistent and paroxysmal AF respectively, most 
commonly in the LA roof followed by anterior, septal, and posterior 
wall. A twelve-month AF-free survival was 62% for patients without 
LVZs undergoing PVAI alone and 70% for patients with LVZs who 
also underwent tailored substrate modification (P=0.3). In addition, 
this success rate was significantly higher than in a control group 
of 26 patients with LVZ in whom no substrate modification was 
performed (27%, p value<0.001). The authors concluded that sinus 
rhythm voltage mapping is a useful tool to guide personalized AF 
substrate modification in patients undergoing AF ablation. Substrate 
modification in this study mostly involved posterior box isolation, 
roof lines and anterior mitral isthmus lines.

Jadidi et al[27] reported outcomes in 85 consecutive patients with 
persistent AF who underwent voltage mapping, PVI, and ablation at 
low-voltage zones (<0.5 millivolts while in AF) that were associated 
with electric activity lasting >70% of AF cycle. The procedural 
endpoint was AF termination. Freedom from arrhythmia was 
compared with a control group undergoing PVI only (66 patients). 
In the study population, 23 of 85 (27%) patients had small area of 
LVZ (<10% of left atrial surface area) and thus underwent PVI 
alone. In the remaining 62 patients with higher scar burden, PVI 
was performed followed by ablation of LVZs. In this subgroup, the 
procedural AF-termination rate was 73%. At a median follow-up of 
13 months, arrhythmia free survival after single procedure was 69%, 
compared with a PVI-only approach (47%). In addition, there was 
no significant difference in the success rate of patients in the study 
group with a low amount of LVZ undergoing PVI only and patients 
requiring PVI + selective LVZ ablation.

Yamaguchi et al[28] performed voltage mapping of the LA during 
SR in 101 persistent AF patients. LVZ was defined as an area with 
bipolar electrograms <0.5 mV covering at least 5% of the left atrial 
surface excluding the pulmonary vein antrum. In patients with LVZs, 
PVI was performed along with substrate homogenization (LVZ-Abl) 
as opposed to PVI alone strategy in non-LVZ persistent AF patients. 
A historical control group included 16 patients who underwent PVI 
and left atrial scar mapping with the same method but without ablation 
of the scar areas (LVZ non-abl). During a mean follow-up period of 
18 ± 7 months, the study reported an AF free survival of 72% in LVZ 
abl and 79% in PVI alone group, a statistically nonsignificant result. 
A second ablation procedure, when performed resulted in subsequent 
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AF free survival of 90% and 84% (LVZ abl vs. PVI). In LVZ-non 
Abl controls, AF free survival remained low (38% at mean follow-up 
32 ± 7 months). However, a significant decline in left atrial function 
in 13% of LVZ patients and higher procedural and fluoroscopy times 
were noted in LVZ-Abl cohort. Authors concluded that LVZ-based 
substrate modification after PVI improved the outcomes in persistent 
AF patients with LVZs, whereas PVI alone strategy worked well in 
patients without LVZs, even those with persistent AF. In another 
investigation by Yang et al[29], 86 consecutive patients with non-

paroxysmal AF were studied. After circumferential pulmonary vein 
isolation, cavo-tricuspid isthmus ablation and cardioversion to SR, 
high-density electroanatomic mapping of left atrium was performed 
to identify LVZs and abnormal potentials in SR. Seventy eight 
consecutive sex- and age-matched patients with non-paroxysmal AF 
who underwent stepwise ablation (SA) approach were included in 
the historical control group. In the study group, patients underwent 
PVI followed by LVZ guided substrate homogenization. In control 
group, PVI was performed followed by linear ablation at LA roof, 

Table 1: Studies of substrate guided AF ablation. See text for additional details.

Study 
(author/yr)

Design Description Follow up 
duration

Results Favors 
Substrate 
modification

Rolf et al 
(2014)24

Nonrandomized, 
observational
study

178 patients with paroxysmal or persistent AF underwent 
voltage mapping during sinus rhythm after circumferential 
PVI and then subsequent substrate modification confined 
to the presence of LVZ (<0.5 mV). 

12 months 12 month AF-free survival
- 62% for patients without LVZs undergoing PVAI alone 
- 70% for patients with LVZs who also underwent tailored 
substrate modification (P=0.3). 
-27% patients with LVZ in whom no substrate 
modification was performed 

True

Jadidi et al
(2016)25

Nonrandomized
observational 
study

-85 consecutive patients with persistent AF underwent 
voltage mapping, PVI, and ablation at LVZ (<0.5 millivolts 
while in AF) associated with electric activity lasting >70% 
of AF cycle length.
-Control group- PVI only

13 months Study group with high-procedural AF termination rate. At 
follow up, arrhythmia free survival after single procedure 
was 69%, compared with a PVI-only approach (47%) in 
patients with persistent AF.

True

Yamaguchi 
et al 

(2016)26

Nonrandomized 
observational study

-101 persistent AF patients underwent voltage mapping to 
identify LVZ.

-In patients with LVZs identified, PVI was performed along 
with substrate homogenization (LVZ-Abl) 

-PVI alone strategy in non-LVZ persistent AF patients. 
-A historical control group of 16 patients with PVI and left 

atrial scar mapping with the same method but without 
ablation of the scar areas (LVZ non-abl)

18+/-7 months -AF free survival of 72% in LVZ abl and 79% in PVI alone 
group and AF free survival of 90% and 84% respectively 

with second procedure if required.
-In LVZ-non Abl controls, AF free survival remained low 

(38% at mean follow-up 32 ± 7 months)

True

Yang et al 
(2016)27

Nonrandomized 
observational study

-86 consecutive patients with nonparoxysmal AF 
underwent PVI followed by LVZ guided substrate 

homogenization (Study)
- 78 consecutive sex- and age-matched patients with 
nonparoxysmal AF who underwent stepwise ablation 

approach(Control)

24 months The probability to maintain SR at 24 months was 69.8% 
versus 51.3% in the two groups respectively.

True

Kottkamp 
et 

al(2015)28

Nonrandomized 
observational

-10 patients with PAF with durable PVI for redo ablation 
underwent box isolation of fibrotic areas (BIFA).

-31 patients with nonparoxysmal AF for first AF ablation 
underwent PVI alone (if no LVZ) or PVI + BIFA (if LVZ 

present)

Mean follow-up 
was 12.5 ± 2.4 
months

In pts with paroxysmal AF despite durable PVI and in 
60% of patients with nonparoxysmal AF, individually 

localized LVZ were identified and targeted successfully 
with the BIFA strategy.

True

Wang et al 
(2014)28

Randomized One hundred and twenty-four patients were randomized 
to individualized substrate modification (ISM) group (n = 
64) or stepwise ablation (SA) group (n = 60). All patients 

underwent PVAI first.

12- month
Sinus rhythm was maintained in 65.5% of patients in 

the ISM group and in 45.0% of patients in the SA group 
after a single procedure (P = 0.04)

True

Blandino et 
al (2017)29

Meta-analysis -6 studies including 885 patients (517 in study group 
and 368 in control group). Aim to assess the impact of a 
voltage-guided substrate modification by targeting low-

voltage zones (LVZ) in addition to pulmonary vein isolation 
(PVI). 92% patients with nonparoxysmal AF.

17 months
70% of patients in the study group vs. 43% in the 

control group were free from AF/atrial tachycardia (AT) 
recurrences (odds ratio [OR] = 3.41, 95% confidence 

interval [CI] 2.22-5.24).

True

Mohanty et 
al (2016)30

Nonrandomized 
observational study

-177 consecutive patients with PAF and severe LA scarring 
undergoing first AF ablation.

- Success rates (no recurrence of AF while off 
antiarrhythmic drugs through average follow up.

27+/-5 months -PVAI only (n=45), PVAI + scar homogenization (n=66) 
or PVAI + ablation of non-PV triggers (n=66) resulted in 

success rates of 18%, 21% and 61% respectively
-Scar homogenization combined with PVAI did not 

provide any additional advantage compared with PVAI 
alone

False
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outcomes of freedom from AF or AT in patients with PVI+LVZ 
ablation vs. PVI and other conventional ablation techniques 
(control). The results indicated that LVZ ablation in addition to PVI 
was more effective than PVI +/- traditional ablation (70% vs. 43%) 
with comparable rates of adverse events (2.5% vs. 6%) [32].

There is emerging data that additional substrate guided ablation 
may not add much benefit to conventional PVAI alone strategy. A 
nonrandomized prospective study of 177 consecutive patients with 
paroxysmal AF and severe LA scarring (scar >60% of LA area as 
defined by electroanatomic voltage mapping during procedure) 
underg oing first AF ablation showed that PVAI only (n=45), PVAI 
+ scar homogenization (n=66) or PVAI + ablation of non-PV triggers
(n=66) resulted in success rates (no recurrence of AF while off 
antiarrhythmic drugs through average follow up duration of 27+/-5
months) of 18%, 21% and 61% respectively33. Scar homogenization
combined with PVAI did not provide additional benefit when
compared with PVAI alone and both approaches had very low-
success rate after single procedure in patients with extensive scarring. 
Interestingly, a PVAI + trigger based ablation strategy was not only
safe but also provided significantly higher success rate than PVAI
alone or PVAI + scar homogenization. Non-PV trigger ablation is yet
another extensively studied strategy for persistent AF ablation which
is beyond the scope of this review.

There is emerging data that additional substrate guided ablation 
may not add much benefit to conventional PVAI alone strategy. A 
nonrandomized prospective study of 177 consecutive patients with 
paroxysmal AF and severe LA scarring (scar >60% of LA area as 
defined by electroanatomic voltage mapping during procedure) 
undergoing first AF ablation showed that PVAI only (n=45), PVAI + 
scar homogenization (n=66) or PVAI + ablation of non-PV triggers 
(n=66) resulted in success rates (no recurrence of AF while off 
antiarrhythmic drugs through average follow up duration of 27+/-5 
months) of 18%, 21% and 61% respectively[33]. Scar homogenization 
combined with PVAI did not provide additional benefit when 
compared with PVAI alone and both approaches had very low-
success rate after single procedure in patients with extensive scarring. 
Interestingly, a PVAI + trigger based ablation strategy was not only 
safe but also provided significantly higher success rate than PVAI 
alone or PVAI + scar homogenization. Non-PV trigger ablation is yet 
another extensively studied strategy for persistent AF ablation which 
is beyond the scope of this review.

However, the results of STAR AF II trial do merit some 
discussion[10]. Five hundred and eighty nine patients with persistent 
AF were randomized to PVI alone (67 patients), PVI plus CFAE 
ablation (263 patients), or PVI and linear ablation across the 
left atrial roof and mitral valve isthmus (259 patients). After 18 
months, AF free survival was 59%, 49% and 46% in group 1, 2 and 
3 respectively (P=0.15). There was no significant difference among 
the three groups in freedom from AF even after a redo procedure. 
Procedure time was significantly shorter for PVI alone than for 
the other two procedures (P<0.001). From this study, it appears 
that neither complex electrograms nor linear ablation lines are the 
correct ancillary targets for ablation. Thus, the authors concluded that 
the role of more extensive ablation in persistent AF patients is of 
dubious benefit. It is very important to remember that in this study, 
scar modification or homogenization was not performed in either 
study group. Ablation targeting CFAE or roof/isthmus lines cannot 
be equated with individualized substrate modification approach. The 

mitral isthmus and cavo-tricuspid isthmus if AF persisted, followed 
by complex fractionated atrial electrograms (CFAEs) ablation and 
finally DCCV. The probability to maintain SR at 24 months was 
69.8% versus 51.3% in the two groups respectively. Authors concluded 
that for non-paroxysmal AF, electrophysiological substrate-guided 
LA ablation during SR in addition to PVI, significantly improved 
single procedural success rates compared to the widely practiced 
stepwise approach. Kottkamp et al[30] reported high success rates with 
box isolation of fibrotic substrate (BIFA) in both non-paroxysmal 
AF patients and in patients with paroxysmal AF undergoing redo 
procedure. First, PVI was performed in all patients. Then, based on left 
atrial voltage mapping, the authors classified patients into different 
stages of fibrotic atrial cardiomyopathy (FACM). Left atria with 
no or very limited low-voltage areas were classified as fibrotic atrial 
cardiomyopathy (FACM) 0–1, left atria with regional areas of low 
voltage as FACM 2, and atria with large confluent areas as FACM 3. 
The procedure involved circumferential isolation of confluent LVZs 
identified by point-by-point voltage mapping. In 60% of the non-
paroxysmal AF patients who were classified as FACM 2–3, BIFA 
ablation was performed. In this subgroup, single-procedure success 
rate measured 72% with a 1-year follow-up and 83% with only 
1.2 procedures/patient. However, one limitation was that the study 
lacked a comparative group for the patients with FACM 2–3 (solely 
PVI without BIFA).

All the above studies were observational nonrandomized trials 
and hence suffer from limitations inherent to the study design; 
incorporating data from historical controls introduces further bias. 
In a randomized trial, Wang et al[31] reported success with a novel 
individualized substrate modification approach when compared 
to a stepwise approach in patients with long standing persistent 
AF. One hundred and twenty-four patients were randomized to 
individualized substrate modification (ISM) group (n = 64) or 
stepwise ablation group (n = 60). All patients underwent PVAI first. 
In ISM group, ablation strategy included creating LA roof line in 
all patients and substrate ablation based on the extent of scar. Only 
abnormal potentials (AP) within LVZs were ablated in patients with 
mild substrate abnormality (LVZ< 10%). In patients with moderate 
(LVZ =10—20%) and large substrate areas (LVZ>20%), AP within 
LVZ were ablated and additional individualized lines were created to 
connect scar areas with each other and/or to anatomical structures. 
In SA group, PVI was followed by linear ablation at the LA roof, 
mitral isthmus and cavo-tricuspid isthmus, followed by ablation 
of complex fractionated atrial electrograms (CFAE) with a goal to 
terminate AF. If AF did not terminate, DCCV was applied. At end 
of 12-month follow up, the intention-to-treat analysis showed that 
sinus rhythm was maintained in 65.5% of patients in the ISM group 
and in 45.0% of patients in the SA group after a single procedure (P 
= 0.04). The total procedural time was significantly shorter in ISM 
than that in SA group. This study highlights that even with extensive 
ablation performed in both groups, targeting the low voltage zone 
and individualizing scar modification strategy in patients may 
produce better outcomes with a shorter procedural time than PVI 
with additional lines and CFAE and non-PV trigger guided ablation 
strategy in patients with long standing persistent AF. However, the 
study results were limited by small sample size and short duration 
of follow up. Most recently, a meta-analysis, including 6 studies of 
885 predominantly non-paroxysmal AF patients (92%), looked at 
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detected by LGE MRI scans were significant risk factors for late 
recurrence of AF after initial ablation. If the substrate is not static, 
scar progression should be considered as a potential risk factor and 
whether modifying this process can be a long term solution remains 
to be seen. It is uncertain as to what may be the best approach for 
ablation in patients with large atrial scars and what would be the 
endpoint of ablation. Additionally, to what extent right atrial scars 
correlate with AF progression and whether these need to be targeted 
remains to be determined.
4. Does scar define all the abnormal substrate? What about the’ 
hidden’ substrate?

Even if we consider that imaging or voltage mapping can accurately 
define the scar and that scar represents the static substrate, it must 
be understood that fibrosis may just be the final step of a remodeling 
cascade including myocyte architectural changes, ion channel 
dysfunction, connexin disarray and disruption of fiber orientation 
all of which may precede scarring but may not be seen on voltage 
mapping or imaging. However, it is possible that these areas may 
still exhibit properties of electrical heterogeneity and may sustain 
reentrant drivers. This may be referred to as the hidden substrate and 
at this time remains non-quantifiable. Whether or not this hidden 
substrate can be detected or targeted to make a clinically relevant 
difference remains to be seen.
5. Procedural times and fluoroscopy times with additional 
substrate mapping and modification are longer than PVAI 
alone

 This is a particularly concerning issue at the present time when 
minimizing fluoroscopy exposure is a principle safety goal during AF 
ablation procedure. However, as ‘low’ fluoroscopy and ‘no’ fluoroscopy 
techniques for AF ablation become widespread, this issue may not 
remain as important.
6. Risk–benefit ratio of additional ablation
   The risk- benefit ratio of substrate modification would conceivably 
vary depending on extent of fibrosis, classification and duration of 
AF, operator and center experience, and expected chances of success 
with PVAI alone strategy. For example, in a paroxysmal AF patient 
with first ablation of AF and mild scar, considering that PVAI alone 
may have high success rates, it may be better to stay away from 
additional ablation. On the contrary, during redo ablation in long 
standing persistent AF patients with extensive scar, an individualized 
substrate modification approach may be necessary. However, a risk 
benefit model may be most useful in patients such as those with long 
standing persistent AF going for first AF ablation with moderate 
scar or paroxysmal AF patients with severe LA scarring. At this time, 
evidence from large randomized trials is not available to answer these 
questions.
7. Substrate based ablation may potentially affect LA diastolic 
function- The “Stiff left atrial syndrome”
   Gibson et al[38] first reported the syndrome of dyspnea, congestive 
heart failure, pulmonary hypertension, and large V waves recorded on 
PCWP or LA pressure tracings in the absence of significant mitral 
regurgitation. This syndrome is seen despite absence of pulmonary 
vein stenosis and is a result of abnormal LA diastolic function due to 
extensive ablation. Small LA size, obstructive sleep apnea, diabetes 
mellitus, atrial scarring, and high LA pressure were predictors of this 
complication of AF ablation. It is conceivable that the syndrome 
may become more important if operators were to perform extensive 
ablations beyond PVI alone as the LA diastolic function is more 

results of the trial emphasize the need for future research looking 
at selective ablation targets based on an individual patient’s specific 
arrhythmic substrate.

In the 2017 HRS expert consensus document[34], the usefulness 
of mapping and ablation of areas of abnormal myocardial tissue 
identified with voltage mapping or MRI as an initial or repeat ablation 
strategy for persistent or longstanding persistent AF was given a 
class IIb recommendation. A class IIb recommendation was given 
to creation of linear ablation lines (in absence of documented macro-
reentrant flutter), CFAE ablation, rotor ablation, extensive posterior 
wall ablation or targeting of autonomic ganglionic plexi in persistent 
AF. The document did however give a class IIa recommendation to 
ablation of non-PV triggers, if found.
Pitfalls of a substrate guided approach 

Scar modification/homogenization approach is not without 
pitfalls. Some of these include
1. Variation in accuracy and reproducibility of scar maps by 
electroanatomic mapping or MRI

We have discussed the pitfalls of bipolar voltage mapping earlier 
in this review. Voltage maps may look different in the same patient 
with different mapping catheters and in different rhythms. Specific 
cutoffs for different catheters, mapping systems and rhythms may 
apply which are yet to be identified. The same problem is noted with 
MRI imaging where considerable differences in operator and center 
experience exists. Recent data regarding use of MRI for fibrosis 
imaging is conflicting. Most recently, a prospective single center 
experience of 149 consecutive patients (64 persistent, 85 paroxysmal) 
undergoing AF ablation showed that delayed enhancement detected 
by cardiac MRI within LA walls using standard clinical scanners 
and typical pulse sequence parameters was uncommon (five patients, 
prevalence 3%) and when present, did not correlate with AF type 
or risk of AF recurrence.[35] These results are contrary to other 
investigational data.[17],[18] Developing standardized fibrosis specific 
protocols and uniform cutoffs for fibrosis detection may lead to 
improved accuracy and reproducibility.
2. What are the end points of substrate modification?

End point of substrate modification is not well established and 
best ablation approach would likely depend on the distribution and 
extent of the fibrosis. For example, it may be reasonable to expect 
to completely homogenize a scar that comprises 5% of the atrium 
but it is unreasonable to do so if the scar is 40% or more. In those 
cases, a box lesion set may be more feasible but anatomic location 
of the scar could further complicate the task, an example would be 
a septal extension of the scar. The power, duration, extent and end-
point of scar-homogenization ablation may also have to be tailored 
to the adjacent structures such as the esophagus and posterior wall to 
minimize risk of damage.
3. Is atrial scar really a ‘static’ substrate?

Targeting the scar at the time of AF ablation may potentially 
eliminate the ‘electrical substrate’ at that time point but scar recovery 
and progression of fibrosis should be considered. In one study, 
atrial fibrosis quantified by LGE-MRI was stable in the majority 
of AF patients at one-year follow-up[36]. However, about one third 
of patients evaluated in the study exhibited progression of atrial 
fibrotic disease over time. Specific risk predictors for progression 
of fibrosis could not be identified in this study. In another report 
by the same group[37], scar recovery and presence of new fibrosis as 
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patients and initial results have been encouraging. Shorter procedural 
and fluoroscopy times have been reported[45] when compared with 
RF ablation in persistent AF patients. Larger randomized trials of 
cryoablation in persistent and long standing persistent AF ablation 
are underway. As the role of substrate modification in AF ablation 
remains controversial and pulmonary vein isolation by cryoablation 
is a growing trend, willingness of operators to perform additional 
ablation which may require a different ablation technique altogether 
or a different catheter will be important factors that may determine 
the future of substrate or trigger based ablation as a first line therapy, 
even with growing evidence in support of these techniques. There 
is increasing emphasis on fluoroless ablation techniques and shorter 
procedural times and hence the benefits of substrate guided ablation 
will need to be weighed against safety profile and long term outcomes 
that will determine whether these techniques gain widespread 
acceptability among electrophysiologists.
Conclusions

Despite technological advances and growing operator experience 
in performing percutaneous catheter ablation for AF, the long 
term procedural success rates for persistent AF and long standing 
persistent AF have not paralleled those of paroxysmal AF. A thorough 
understanding of the AF substrate requires standardized techniques 
for defining the static and dynamic substrates of AF. Our most-
studied modalities for scar mapping include electroanatomic mapping 
and cardiac MRI. Currently, the use of either of these techniques 
has significant pitfalls. In the future, the ability to integrate imaging 
information with emerging technologies like body surface mapping, 
ripple mapping and very high-density mapping with closely spaced 
bipoles and improving the spatial resolution and accuracy of cardiac 
MR imaging with development of fibrosis specific protocols might 
provide further understanding of the pathophysiologic interrelation 
between “scar” and abnormal electrophysiologic substrate in 
persistent and long standing persistent AF. Multiple studies have 
reported success with novel trigger and substrate based ablation 
techniques and larger randomized trials are underway. However, 
due to lack of data from large multicenter randomized trials, these 
techniques have not yet gained widespread acceptability. Even as 
evidence of benefit from substrate based ablation in persistent AF 
patients grows, there will be practical barriers that will need to be 
overcome before these techniques can become standard of care 
(risk-benefit ratio, operative training and experience, requirement 
for additional ablation techniques in case cryoablation used for PVI, 
procedural times, fluoroscopy times). Nevertheless, as we embark on 
our efforts to improve outcomes of AF ablation, especially in patients 
with persistent and long standing persistent AF, the role of substrate 
guided AF ablation strategies remains promising.
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comparison to conventional catheter ablation of AF. The results of 
this trial will likely provide further insight in substrate guided AF 
ablation and more specifically, the role of scar homogenization in 
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Introduction
Atrial Fibrillation (AF) is the most commonly encountered clinical 

arrhythmia requiring treatment, and results in multiple adverse 
sequelae including stroke, heart failure, cognitive decline, dementia, 
diminished quality of life and a rising incidence of death. [1], [2] With 
increasing life expectancy and the upsurge of underlying factors 
that affect progressive atrial remodeling, AF has become a global 
pandemic, evidenced by a worldwide prevalence of 33.5 million and 
5 million new cases annually. [3]

The mechanisms for development of persistent atrial fibrillation 
are not known, although conjecture is widespread. [4] While many 
viable theories to account for the development and occurrence of 
atrial fibrillation (AF) have been suggested, a unifying explanation 
that puts all of the acknowledged pathological explanations 
into perspective is lacking. Dominant theories revolve around 
ganglionated plexi, ectopic foci, rotors, and macro re-entrant circuits 
that enable arrhythmogenic wavefronts. [5] Curiously, none of these 
explanations focus on the consistent geographic distribution of 
substrates responsible for AF.

Computational models, real time voltage mapping and advanced 
imaging studies have consistently demonstrated geographically 
similar atrial remodeling in progressive patterns. [6] This atrial 
remodeling emanates from proposed high stress regions where the 

pericardium secures the posterior left atrium. The progression of 
atrial fibrosis relative to the pericardial reflections and stress points 
about the posterior left atrium, as depicted in [Figure 1], appears 
clinically significant and may offer clues to underlying mechanisms 
in AF. Understanding the role played by the pericardial reflections in 
the genesis of AF may unlock additional treatment considerations 
and clinical algorithms.
Treatment of atrial fibrillation: A changing target

Endocardial catheter ablation has become a primary treatment 
modality for drug resistant, symptomatic paroxysmal AF (PAF), 
but has demonstrated a limited, temporally related efficacy in 
non-paroxysmal atrial fibrillation (NPAF) patients. [7] The 3 year 
arrhythmia-free survival in NPAF for a single endocardial catheter 
ablation procedure has been reported at 28.4% with the efficacy after 
multiple procedures at 51.1%. [8] The Hamburg sequential ablation 
strategy of PVI plus linear lesions and SVC isolation for long-
standing persistent AF patients yielded 5-year single and multiple 
procedure success rates of 20% and 45% respectively. [9] Recently, the 
StarAF II study demonstrated that PVI only ablation in patients 
with persistent AF resulted in a single-procedure 49% freedom 
from atrial tachyarrhythmias off antiarrhythmics at 18 months. The 
addition of CFAE or linear lesions actually yielded an even lower 
~30% freedom from atrial tachyarrhythmias. Additional ablations 
and antiarrhythmic therapy increased the success rate to only ~60%. 
Even an open surgical approach has not yielded much higher success. 
A recent study by Gillinov et al. examined the outcomes of surgical 
atrial fibrillation ablation in patients with persistent AF undergoing 
mitral-valve surgery. Biatrial maze resulted in only a 66% freedom 
from AF at 1 year. [10]
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Abstract
Atrial fibrosis appears to be a key factor in the genesis and/or perpetuation of atrial fibrillation (AF). The pathological distribution of atrial 

fibrosis is geographically consistent with the attachments between the posterior left atrium and the pericardium along the reflections where 
wall stiffness is increased and structural changes are found. While there is a wide range of complex etiological factors and electrophysiological 
mechanisms in AF, there is evidence for a common pathophysiological pathway that could account for deliberate substrate formation 
and progression of AF. Anatomical stresses along the atrium, mediated by the elastic modulus mismatch between atrial tissue and the 
pericardium, result in inflammatory and fibrotic changes which create the substrate for atrial fibrillation. This may explain the anatomical 
predominance of pulmonary vein triggers earlier in the development of atrial fibrillation and the increasing involvement of the atrium as the 
disease progresses. Ablative treatments that address the progressive nature of atrial fibrillation and fibrosis may yield improved success 
rates.
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superior veins are better developed and longer than the inferior veins. 
The longest sleeve is usually the left superior vein. [12] Histologically, 
patients with atrial fibrillation have a significantly increased presence 
of atrial myocardial extension into the pulmonary veins. In addition, 
patients with AF also have a higher frequency of discontinuity, 
hypertrophy, and fibrosis of these extensions. [13] Fibrosis was more 
prominent in the periphery of the sleeves and often are completely 
sclerotic distally. This may be due to chronic hypoxia at these distal 
sleeves since they are at the periphery of the coronary circulation. 
Development of extensive collagenous septa may create nonuniform 
anisotropic electrical propagation that could result in micro re-entry 
and automaticity. [14] Since the left superior pulmonary vein frequently 
has the longest atrial myocardial extension, placing it at the highest 
risk for tissue hypoxia, this may explain the increased propensity for 
LSPV ectopy. Additionally, since the atrial and pulmonary veins 
are autonomically innervated, sympathovagal imbalance can cause 
additional anisotropic changes in the action potential duration and 
PV myocyte refractory periods, increasing the potential for re-entry. 
[15]

Detailed investigation into potential explanations for the failure 
of AF ablation frequently indicts reconnections of pulmonary 
vein tissue and substrates along the posterior left atrium. Fibrosis 
progresses predictably from the heavily invested pulmonary veins to 
the posterior left atrium, evolving additional AF substrates [Figure 
1]. Attempts to ablate localized rotors or complex fractionated 
atrial electrograms may actually create patchy, heterogeneous 
fibrosis capable of initiating or sustaining arrhythmogenic circuits 
as illustrated. A better understanding of the mechanisms for AF is 
needed to tailor a more effective treatment.
Pulmonary Vein Triggers of Atrial Fibrillation

The atrial muscle sleeves at the pulmonary vein-left atrial junction 
are the most common source of focal triggers for atrial fibrillation. 
[11] There is a predominance of pulmonary vein ectopy in the superior
veins versus the inferior veins and the left superior vein was noted
to have the highest frequency of ectopy. There may be an anatomical
reason for this unequal distribution of PV ectopy. Anatomically, the

Persistent Atrial Fibrillation and Non-Pulmonary Vein Atrial 
Fibrillation Substrate

As atrial fibrillation increases in chronicity, so does the proportion 
of the patients who have non-pulmonary vein substrate. The 
posterior left atrium is the most anatomically concentrated location 
of arrhythmogenic mechanisms that are consistently demonstrated 
with nonparoxysmal AF. [16] Kalifa et al. demonstrated that, in an 
ovine model, the posterior left atrium frequently contains sites of 
fast-organized activity with the highest dominant frequency. [17] 

Patients with AF demonstrated a significantly greater anatomic 
distribution and degree of conduction slowing, heterogeneity, and 
anisotropy in the posterior left atrium, culminating in circuitous 
patterns of propagation. [18]

Atrial Fibrosis/ Tailored Atrial substrate modification
There is increasing data that point to the development of atrial 

fibrosis in the progression of atrial fibrillation. An underlying cardiac 
abnormality or metabolic disorder associated with atrial fibrosis and 
atrial enlargement can be found in approximately 85% of patients 
with atrial fibrillation. [19] Atrial fibrosis usually extends beyond the 
pulmonary veins and appears to be a significant reason why simple 
pulmonary vein isolation is not adequate in treating the majority of 
persistent atrial fibrillation patients.

Despite the current limitations in spatial resolution with cardiac 
MRI, there appears to be a pattern of atrial fibrosis in patients with 
atrial fibrillation. Cochet et al. elegantly described the distribution 
of atrial fibrosis in patients with and without atrial fibrillation. [20] 

The predominant location of fibrosis was noted to be in the posterior 
LA wall rather than the septal, anterior, and lateral segments. More 
specifically, delayed-enhancement likelihood maps showed that the 
region around the left inferior pulmonary vein ostium was most 
frequently to have fibrosis. [Figure 2] There was a lesser degree of 
fibrosis at the right veins ostia. Fibrosis in the anterior wall was less 
common but when present was more often found in the septum 
below and anterior to the right pulmonary veins. 

Treatment strategies which isolate a larger area of the posterior wall 
appear to have increased rates of success. [21], [22] This is the theory of 
why a wide antral circumferential ablation has been more successful 
than ostial pulmonary vein isolation. Posterior wall isolation via the 
creation of a roof line and posterior box line to the usual PVI circles 
has also been demonstrated to have better long term outcomes than 
PVI alone for persistent AF. Unfortunately, isolation of the posterior 
left atrium is frequently challenging with endocardial catheter 
ablation alone since a breakdown in the PVI or either linear line may 
be arrhythmogenic and can result in recurrence. [23] Additionally, even 
if durable lines are created, some arrhythmogenic areas of fibrosis 
may be missed by empiric anatomical lines. As a result, there has 
been recent interest in developing an individualized strategy for 
ablating atrial fibrillation. [24] In this strategy, a pre-procedural MRI 
is performed to delineate the atrial scar substrate and ablation to box 
these additional regions is performed. This strategy has been termed 
Box Isolation of Fibrotic Areas (BIFA).
The Stretch-Inflammation-Fibrosis-Fibrillation (StIFF) 
Axis
Anatomical Stress mediated by the Pericardial Reflections

Interestingly the common sites of atrial fibrosis appears to 
be centered around regions of high stress. There appears to be an 
anatomical reason for this. The pericardium supports the heart 

Figure 1:

Panel A: Schematic of progressive atrial remodeling. Pericardial 
reflections (green lines), their attachments to the posterior left 
atrium, and their relation to proposed high stress regions. Panel 
B: Ganglionated plexi (yellow) and epicardial fat (green). Left 
superior ganglionated plexi (LSGP), left inferior ganglionated 
plexi (LIGP), right anterior ganglionated plexi (RAGP), right inferior 
ganglionated plexi (RIGP), aortocaval ganglionated plexi (ACGP)
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against gravity and is attached to the posterior left atrium, inferior 
vena cava, superior vena cava, and pulmonary veins, as shown in 
[Figure 1]. These reflections secure the heart to the chest wall and 
vertebral column and confer specific plasticity and elasticity that 
allow cardiac excursion during acceleration and deceleration. The 
reflections anchor the heart and limit translational and rotational 
excursion of the heart with activity.

The pericardium is a strong, dense, fibrotic layer that blends with 
the adventitia of the roots of the great vessels and the central tendon 
of the diaphragm. [25]The pericardial reflections of the human heart 
derive from the same mesodermal fetal tissue as functional cardiac 
tissue. Histologically, however, the pericardium contains more 
abundant fibroblasts and has a higher modulus of elasticity than 
adjoining atrial and venous tissue, resulting in a material mismatch. 
Because of the tethering of the pericardium, motion of the heart is 
limited and high stresses at the pericardial attachment points lead to 
reactive fibrosis adjacent to these regions [Figure 2]. To compound 
the stress issue, the posterior left atrium and the pulmonary veins are 
substantially thinner than the left atrial roof, the ridge, or the lateral 
left atrium. [26] [Table 1] Laplace’s law reasons that these regions 
would experience the highest pressure and stress. This may explain 
why dense fibrosis appears to be more common within the oblique 
sinus rather than on the other side of the pericardial reflection (ie in 
the borderzone of the transverse sinus, Waterston’s sulcus anteriorly, 
and the posterior left atrial appendage). Additionally, the pericardial 
attachment points may also explain why fibrosis around the region 
of the sinus node and thus sinus node dysfunction coexist with atrial 
fibrillation. It may also explain why the SVC frequently harbors sites 
of AF triggers. Although the pericardial reflections are frequently 
found near fibrosis prone regions, fibrosis may also be located at other 
regions due to regional pressure, stretch, and stress.
Cardiac Motion

Since DE-MRI data indicate that the region outside the left 
inferior pulmonary veins are most frequently associated with fibrosis, 
perhaps there is an anatomic reason for this region being statistically 
problematic. Since the pericardial reflections at the inferior 
pulmonary veins help tether the heart in place, cardiac motion may 
place significant strain at these regions. The base of the left ventricle 
twists in a counterclockwise motion. The heart’s rotational motion 
during systole as well as the longitudinal and translational motion 
may put particular strain on the left inferior antrum. Anteriorly, 
this may translate to annular fibrosis and coronary sinus substrate 
as there is also a material mismatch of atrial and ventricular tissue at 
the annulus.

Regional atrial wall stresses
Finite element analysis has been used to predict wall stress 

distribution based on left atrial geometry from CT. Peaks in walls 
stress were concentrated at the pulmonary venous ostia, the appendage 
ridge, the high posterior wall and septal regions. [Figure 3] Peaks in 
wall stress were consistent with low voltage areas suggestive of focal 
remodeling and fibrosis. [27] These high stress regions correlate with 
locations of the pericardial reflections. The pericardial reflections 
outlined in green in [Figure 1] extend along the right heart from 
the SVC to the right pulmonary vein ostia to the IVC, across the 
high posterior roof from the superior aspect of the RPV ostium to 
the superior aspect of the left pulmonary veins, and incorporate the 
LPV ostium. Delayed-Enhancement Magnetic Resonance Imaging 
(DE-MRI) has illustrated progressive fibrosis formation in the same 
regions of finite element analysis documented increased wall stress 
suggesting a correlation [Figure 2].
Stretch, Inflammation and fibrosis

In preclinical animal models, atrial stretch induces increased atrial 
fibrosis that causes regional remodeling and conduction slowing. 
Atrial stretch causes release of ANP, calcium overload, calcineurin 
activation, engagement of the AT1 receptor and alterations in 
MMP and TIMP levels, which are implicated in tissue turnover and 
remodeling. [28] Importantly, atrial stretch results in inflammation 
that contribute to fibroblast proliferation, collagen elaboration and 
scar formation. [29] Structural remodeling is ongoing with AF and 
thought to be partially mediated by transforming growth factor 
β1 (TGF-β1), which is a potent stimulator of collagen-producing 
cardiac fibroblasts. [30]

Atrial structural changes observed in animal models of AF include 
atrial enlargement, cellular hypertrophy, dedifferentiation, fibrosis, 
apoptosis, loss of contractile apparatus (myolysis), changes in size and 
shape of the mitochondria, disruption of the sarcoplasmatic reticulum, 
and homogeneous distribution of nuclear heterochromatin. [31] The 
changes in structural, contractile, and electrical properties disrupt 
interconnections between cardiac muscle bundles produces anisotropy 
that causes micro-reentry circuits. The resulting electrophysiological 
substrate is characterized by shortening of atrial refractoriness and 
reentrant wavelength or by local conduction heterogeneities caused 
by disruption of electrical interconnections between muscle bundles, 
which predisposes patients to develop AF. [32], [33] [16] [34]

Table 1: Left atrial wall thickness and fat thickness

Left atrial wall thickness 
(mm)

Left atrial fat thickness 
(mm)

LAA 2.2±0.6 4.3±1.8

Roof 2.0±0.6 4.3±2.1

Anterior Wall 1.8±0.3 1.3±0.7

Posterior Wall 1.7±0.3 3.6±2.0

Floor 1.7±0.3 9.6±3.9

Lateral Wall 1.8±0.4 6.3±3.1

Septum 2.4±0.8

Adapted from Park et al. Int J Cardiol 2014; 172(3):e411-3.

Figure 2:
Common regions of fibrosis
Adapted from Cochet et al. J Cardiovasc Electrophysiol 2015; 26: 
489
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hypertension was the only predictor of the degree of atrial fibrosis in 
patients with atrial fibrillation. [6] As an independent predictor of AF, 
hypertension causes remodeling of small and large vessels where low-
grade inflammation and associated elaboration of C-Reactive Protein 
are thought to play important roles in triggering fibrosis. A chronic 
increase in internal atrial pressure also causes atrial stretch that has 
been implicated in inflammation, apoptosis and atrial remodeling.
   Pressure induced fibrosis has been studied in an experimental porcine 
animal model. Ventricular tachypacing resulted in an increase in atrial 
volume of 60%, a two-fold rise in pressure and a complex pattern 
of local mechanical, histological and biochemical changes including 
fibrosis. The authors used a comparison of the stress distribution 
in healthy versus ventricular tachypacing cases to determine how 
volume overload and stress affects and modifies left atrial mechanics. 
The largest areas of stretch-induced changes were around the lower 
pulmonary veins and the appendage boundaries. [48] Similar to the 
pressure overload of hypertension, the pressure and volume overload 
of mitral regurgitation and mitral stenosis, sleep apnea, or congestive 
heart failure creates stress in the atria that predispose patients to 
atrial remodeling, fibrosis, and atrial fibrillation.
Obesity
     Obesity as a risk factor for AF has been documented with a two-fold 
increase in AF compared to age- and sex-matched individuals having 
a normal weight; this risk of developing AF increases progressively 
with rising Body Mass Index. [49] With a 2.4 fold increased risk of 
left atrial enlargement, obesity has the potential to cause stress-
mediated progressive atrial remodeling that produces substrates 
known to initiate or maintain AF. [50] The hemodynamic alterations in 
obesity such as increased intravascular volume and increased cardiac 
output may lead to LA volume overload, stress and LA dilatation. 
Interstitial and epicardial fat may accumulate and contribute to 
atrial fibrosis enhanced by paracrine effects. Studies have shown 
that the expansion of adipose tissue with obesity are accompanied 
by inadequate capillarization, resulting in hypoxia. [51] The increased 
leptin and reduced adiponectin levels of obesity may contribute to 
the adverse atrial remodeling. [52] Obesity is also associated with a 
proinflammatory state and oxidative stress, as evidenced by increased 

Anatomical Enhancers of Atrial Fibrillation substrate
Ganglionated plexi

Epicardial fat also contains a rich supply of autonomic ganglionated 
plexi (GP), which has gained attention in the creation of AF 
substrate. GPs are found embedded along the ligament of Marshall, 
along the great vessels, at the right superior PV-atrial junction, at the 
left superior PV-atrial junction, at the left inferior PV-atrial junction, 
and at the junction of the inferior vena cava and both atria. [35], [36] 

[Figure 1] GP stimulation by the autonomic nervous system has been 
hypothesized to release neurotransmitters that increase PV ectopy 
[37], reduce PV sleeve action potential duration [38], and shorten the 
fibrillation cycle length.[39] These factors appear to stimulate triggers 
and enable the perpetuation of AF. [40] The ablation of GP in addition 
to PVI may result in higher success rates in patients with paroxysmal 
and persistent AF. [41] Neural remodeling may allow for regrowth 
of ganglionated plexi [42], however even temporary suppression of 
ganglionated plexi may have long-term effects in suppressing of AF 
by breaking the cyclical progression of AF. [43]

Epicardial fat
   Recent studies have also implicated epicardial fat in the creation 
of AF substrate. [44] Adipose tissue is frequently found in the 
atrioventricular and interventricular grooves extending to the apex 
of the heart. There are also minor regions of fat that are located 
subepicardially around the 2 appendages and in the free walls of the 

Figure 3:
Peaks of atrial wall stress
Adapted from Hunter et al. Circ Arrhythm Electrophysiol. 
2012;5(2):354.

atria. [Figure 1] Epicardial fat may have direct electrophysiologic 
effects as well as possible paracrine effects by cytokines or other 
signaling molecules. [45] Epicardial adipose tissue express a wide 
range of inflammatory mediators and demonstrate increased activity 
of matrix metalloproteinases which likely contribute to interstitial 
fibrosis, [46] Since epicardial fat is often associated with fatty 
infiltration deep into the myocardial tissue, this disorganized tissue 
may contribute to local arrhythmogenic substrate.
Contribution of Comorbidities and Environmental Factors 
towards the Development of Atrial Fibrillation: Accelerators 
of Fibrosis 
Hypertension
   Stress from any source, whether endocardial or epicardial, applied 
to the left atrium leads to tissue remodeling and fibrogenesis. [47] 

The most common stressor is hypertension. In the DECAAF trial, 

Figure 4:

Panel A: Schematic of the Convergent procedure lesion pattern 
relative to the high stress regions. Panel B: Thoracoscopic hybrid 
AF ablation lesion set. Hybrid AF ablation utilizing a thoracoscopic 
approach commonly involves pulmonary vein isolation, a roof line, 
posterior box line, exclusion of the left atrial appendage (blue 
lines). Endocardial ablation is performed to confirm bi-directional 
block across the lines and create a cavotricuspid isthmus line (red 
dotted line). Additional ablation may be performed to create an 
intercaval line, mitral line, and at ganglionated plexi.
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addresses multiple non-PV mechanisms of AF. [57] The Convergent 
multidisciplinary procedure applies closed chest epicardial ablation 
of the posterior left atrium via a subxiphoid approach in combination 
with standard endocardial catheter ablation. This multidisciplinary 
procedure allows for electrosilencing the posterior wall using 
epicardial ablation at relevant points juxtaposing the pericardial 
reflections at their attachments to the left atrium. [Figure 4] The 
homogenization of the posterior and inferior wall tissue should 
theoretically prevent further progression of arrhythmogenic patchy 
atrial fibrosis. Fortunately, ablation of the posterior wall appears to 
have a minimal impact on left atrial function since the posterior wall 
contributes less to the left atrial ejection fraction than the anterior, 
septal and lateral walls.
   The promising clinical results utilizing this more comprehensive 
lesion set may lead credence to the role of ablating a wider territory 
of the left atrium. [58]-[62] Despite the fact that many patients had 
complex disease and frequently failed prior ablations, operators have 
reproducibly been reporting success rates in the 73% to 95% range 
on or off antiarrhythmic therapy at 1-year follow up amongst a mixed 
population of paroxysmal and persistent AF patients. [63] Although 
long-term data is pending, homogenization of the posterior wall 
should prevent posterior wall substrate development. Additionally, 
epicardial ablation of ganglionated plexi and epicardial fat may aid 
in the current treatment of and further progression of AF substrate.
   Similar to the Convergent procedure, hybrid procedures utilizing 
a thoracoscopic approach also seek to provide durable isolation of 
the pulmonary veins and posterior wall. [Figure 4] The ligament of 
Marshall is easily dissected from a thoracoscopic approach and ligation 
of the left atrial appendage may yield anti-arrhythmic benefit as well 
as reducing stroke risk. Additionally, ganglionated plexi may be more 
readily targeted, and additional linear lesions may also be created and 
verified across the mitral isthmus and cavotricuspid isthmus. Success 
rates utilizing a hybrid thoracoscopic technique have also been very 
favorable in the 84% to 94% range on or off antiarrhythmic therapy 
at 1-year follow up amonst a mixed population of paroxysmal and 
persistent AF patients. [64]

 Conclusions
In contrast to other organized arrhythmias, atrial fibrillation is an 

electrically disorganized arrhythmia that is frequently the end product 
of unfavorable atrial remodeling. Ablative therapy initially began 
targeting triggers which were frequently found in the pulmonary 
veins however we have subsequently learned that atrial fibrillation 
involves much more of the atrium and attention has expanded to 
additional mechanisms of atrial fibrillation genesis and perpetuation. 
Recent focus has been on the targeting of functional mechanisms of 
AF however it remains to be seen if these interventions will result in 
long-term arrhythmia-free success.

There appears to be a plausible anatomical mechanism for the 
progression of atrial fibrillation. Mechanical stress placed on the 
atrium due to its pericardial tethers and repetitive cardiac motion 
appear to cause stress induced inflammatory changes and fibrosis. 
These fibrotic changes predispose the atrium to fibrillate. [Figure 
5] The failure of current ablative strategies particularly to treat
persistent atrial fibrillation may be due to the fact that PVI, linear
ablation, CFAE ablation, and rotor ablation probably does not reduce
the mechanical nor inflammatory stresses upon the remodeling
atrium, and thus does not halt the anatomical progression of atrial
fibrillation. This enforces the importance of risk factor reduction:

CRP, IL-6, and TNF-α. Finally, the autonomic dysfunction of 
obesity (increased sympathetic activity and decreased vagal tone) 
may also contribute to AF inducibility. [53], [54]

AF in Endurance Athletes
    In endurance athletes, atrial fibrillation is more common than their 
age, sex and activity matched peers. The increased left atrial pressure 
loading and constant supra-physiologic acceleration/deceleration 
movements placed on the cardiac reflections may cause acute stretch 
induced electrical changes, fibrosis, and AF. [55] Deconditioning 
reverses expression of cardiac fibrosis markers in animal models of 
endurance suggesting that once training is halted and load is removed 
from the pericardial attachments, the fibrotic process is retarded. [56]

Treatment of Progressive Atrial fibrillation
   Current therapies in the ablation of atrial fibrillation focus on the 
creation of durable lesions (contact force catheters, laser balloon, 
cryoballoon, nMarq ablation catheter) and the assessment of real-
time arrhythmogenic substrate (CFAE and rotor mapping). In centers 
with expertise in cardiac MRI, pre-ablation substrate assessment and 
tailored ablation isolating regions of fibrosis shows an appreciation 
for atrial fibrotic substrate. However all of these therapies generally 
deal with a patient’s atrial fibrillation at its present state of substrate. 
As long as the causative factors for atrial stress continue to exist, it 
would not be surprising that atrial fibrosis would progress, exposing 
the patient to continued risk for developing atrial fibrillation. 
Certainly patients with sleep apnea, obesity, and hypertension need 
to be treated, however complete control of AF risk factors is usually 
impossible.
   Patients with enlarged atrial and heterogeneous AF substrate will 
likely have more than just focal pulmonary vein triggers as the driver 
for their disease. This is the reason why more extensive ablation 
is usually required to treat these patients. Using an endocardial 
approach only, creation of additional lines to isolate the posterior wall 
and prevent mitral annular, septal, or right atrial substrate can better 
address the non-PV substrate of AF, however it is currently limited 
by issues inherent in the creation of lines using a point-by-point 
technique. Additionally, an endocardial approach may not address 
GP, epicardial fat, and other non-PV substrate as thoroughly or as 
easily as an epicardial approach.
   Hybrid procedures have been utilized to treat patients with difficult 
AF substrate.
  The Convergent atrial fibrillation procedure treats a high 
proportion of left atrial territory that is at high risk for fibrosis and 

Figure 5: Stretch-Inflammation-Fibrosis-Fibrillation (StiFF) Axis
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control of hypertension, obesity, sleep apnea. However it also brings 
to question if there is an anatomic method to reduce the mechanical 
stresses upon the atrium or pre-treat the areas of atrium most 
prone to anisotropic fibrosis and AF substrate formation. Since AF 
is recognized as a progressive disease, treatments that target the 
progressive nature of fibrosis may result in improved outcomes. Scar-
based, or empiric ablation to cover regions of fibrosis prone areas 
such as BIFA ablation or the homogenization or durable isolation 
of the posterior wall through a hybrid ablation procedure may better 
address the progressive nature of AF. Additionally, ablative strategies 
that target ganglionated plexi and epicardial fat may adjunctively 
treat and prevent the progression of AF.
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