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  Ablation of atrial fi brillation (AF) has expanded from 
its limited application for patients with paroxysmal AF 
and structurally normal hearts to patients with persis-
tent arrhythmia and more extensive structural heart 
disease. The cornerstone of this procedure involves 
pulmonary vein (PV) isolation, which is achieved by 
encircling lesions around the PVs. Success rates are 
highest for patients with paroxysmal AF, but modifi -
cation of the technique to include linear lesions in 
the left atrium and targeting complex electrograms 
has improved outcomes in patients with long-lasting 
AF. The procedure remains complex, and the risk of 
complications must be balanced against the perceived 
benefi t of maintaining sinus rhythm. For this reason, 
AF ablation is indicated in symptomatic patients who 
have failed at least one antiarrhythmic drug. Current 
studies will address catheter ablation’s role as fi rst-
line therapy for patients with AF.

  Introduction
  Atrial fi brillation’s (AF) deleterious effects have been 
well known for decades. AF can cause incapacitat-
ing symptoms and reduced exercise tolerance due to 
uncontrolled and irregular rates, as well as loss of atrial 
contribution to cardiac output. AF increases the risk of 
embolic stroke and has been implicated in one third of 
strokes in patients older than 60 years. AF is also asso-
ciated with increased mortality in various populations, 
including patients with congestive heart failure and after 
cardiac surgery. In fact, AF conveys an increased risk of 
mortality independent of structural heart disease. The 
mortality related to AF may be due to heart failure, 
stroke, drug toxicity, and ventricular arrhythmias.

  Despite these associations, randomized trials have 
failed to show benefi ts of maintaining sinus rhythm with 
antiarrhythmic drugs, possibly due to these agents’ limited 
effi cacy in preventing recurrent AF and drug toxicities 
such as proarrhythmia [ 1 ]. An analysis of one large trial 
(AFFIRM) showed that the presence of sinus rhythm pre-
dicted survival, and antiarrhythmic drug therapy increased 
the risk of death [ 2 ]. These observations suggest there are 
benefi ts to maintaining sinus rhythm, but these are coun-
terbalanced by the drug therapy’s toxicities. Furthermore, 
medical therapy is often unsatisfactory in controlling 
symptoms. Therefore, effective nonpharmacologic therapy 
to maintain sinus rhythm would be an appealing alterna-
tive to rate control and antiarrhythmic medications.

  Rationale and Historical Development 
of AF Ablation
  The success of the surgical Maze procedure in elimi-
nating AF prompted electrophysiologists to develop 
a catheter-based procedure to treat this arrhythmia. 
The classic Maze procedure, developed and modifi ed 
by Cox and colleagues, remains the gold standard of 
curative intervention for AF, with freedom from AF in 
97% of patients after 5 years [ 3 ]. The rationale for this 
operation was the widely accepted AF model due to mul-
tiple reentrant wave fronts. Historically, the procedure 
required extensive atrial incisions to create multiple 
lines of block in the atria and thus prevent recirculating 
wave fronts. The Maze surgery evolved in recent years 
with the development of new energy sources to generate 
linear lesions and the possibility of epicardial ablation, 
but until recently, the procedure involved a thoracotomy, 
cardiopulmonary bypass, multiple atriotomies, and an 
operative mortality of 1% to 2%.

  Initial attempts at catheter ablation of AF were 
designed to replicate or modify the Maze lesion set [ 4 , 5 ]. 
These early efforts were fraught with diffi culties related 
to the challenge of creating continuous transmural linear 
lesions with endocardial catheter technology. During these 
efforts, Haissaguerre et al. [ 6 ] observed that paroxysmal 
AF often initiated from focal discharges in the pulmonary 
veins (PVs). This observation resurrected a different AF 
paradigm—that of focal sources initiating and driving the 
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arrhythmia. It also provided the rationale for PV isolation 
as a new approach to AF ablation.

  The earliest catheter ablation of AF originating 
from the PVs involved focal ablation of discrete sources 
in the culprit veins [ 6 ]. However, it was recognized that 
more than one focus within a vein may be arrhythmo-
genic, and more than one vein may be arrhythmogenic 
in a given patient [ 7 , 8 ]. This led to the concept of 
PV isolation, which involves segmental ablation or 
complete encircling around a PV to achieve electrical 
disconnection from the atrium [ 9 ]. Modifi cations and 
variations of this technique are now the most widely 
used approaches to ablate AF.

  Pathophysiology of AF
  The importance of the PVs and posterior left atrium (LA) in 
AF pathophysiology has been studied intensely, but no con-
sistent explanation has emerged to explain the localization 
of AF triggers to the PV region. The PVs contain sleeves of 
myocardium that extend up to 2 to 3 cm from the PV ostia 
[ 10 ]. Changes in fi ber orientation and the complex architec-
ture of the myocardial sleeves may provide the substrate for 
small reentrant circuits [ 11 ]. The PV ostia are also richly 
innervated with sympathetic and parasympathetic nerve 
terminals, and activating both limbs of the autonomic 
nervous system can trigger atrial premature beats and AF 
[ 12 ]. An optical mapping study of the atrial-PV junction 
has shown focal discharges arising from the proximal PVs 
and reentrant circuits at the PV ostium [ 13 ].

  Experimental models demonstrate that AF can be 
generated by high-frequency microreentrant circuits that 
localize to the posterior LA [ 14 ]. Because of heteroge-
neities in atrial conduction and refractoriness, impulses 
propagating from focal sources encounter lines of block 
and slow conduction, a phenomenon known as “fi bril-
latory conduction.” With increasing distance from the 
focal source, the local frequency of activation decreases, 
and the area of highest frequency defi nes the AF’s focal 
source. The concept of a “dominant frequency” has been 
translated into the clinical arena with software to identify 
AF’s focal drivers.

  Techniques of Catheter Ablation for AF
  Although high success rates can be achieved in ablating par-
oxysmal AF through PV isolation, persistent and chronic 
AF continues to present a challenge. New techniques are 
currently under development, with recent activity dedicated 
to identifying and modifying “substrate” for AF.

  Most procedures now involve radiofrequency energy 
to produce thermal injury and coagulation necrosis. Irri-
gation of the ablation electrode improves the safety and 
effi cacy of radiofrequency by allowing for therapeutic 
delivery of current while avoiding overheating of the elec-
trode-tissue interface. Cryoablation is being developed as 

an alternative to avoid complications of radiofrequency 
energy, such as thrombosis from endothelial disruption or 
esophageal injury. Balloon catheters currently in clinical 
trials deliver cryoablation circumferentially around the 
PV ostia and have been effective in achieving PV isola-
tion. Experimental energy sources also include ultrasound 
and laser ablation.

  PV isolation
  The current approach to treating arrhythmogenic PVs 
involves encircling lesions around the PV ostia. Although 
some variation exists in this technique, many electro-
physiologists favor wide encircling lesions that target the 
PV antra, a relatively wide area that includes the LA’s 
posterior wall [ 15 ]. An anatomic approach that involves 
wide encircling lesions—but without verifi cation of true 
electrical disconnection—has been used to treat AF [ 16 ], 
but the complete isolation of the PVs as a physiologic end 
point is generally accepted as a standard for the ablation 
procedure. Wide encircling lesions provide the advan-
tage of avoiding PV stenosis and isolating antral tissue 
that may contain arrhythmogenic foci. In theory, this 
technique also modifi es substrate in a wide region of the 
posterior LA and the interatrial septum that may provide 
AF’s substrate. Verifi cation of PV isolation is made with 
a multipolar circular catheter positioned within the vein 
( Fig. 1 ). These recordings identify connections between 
atrial tissue and the PV and allow for targeted ablation to 
eliminate PV potentials. Pacing within the PV can verify 
exit block and thus confi rm electrical isolation. Non-PV 
triggers occur in up to 10% of patients; these may arise 
from the superior vena cava, crista terminalis, posterior 
LA, and coronary sinus.

  Complex fractionated electrograms
  During AF, it is possible to record complex electrical 
activity in some areas of the atria. These are known as 
“complex fractionated electrograms” (CFEs) and are 
characterized by low amplitude, continuous activation. 
It has been proposed that these areas are critical for AF’s 
perpetuation [ 17 ], but the origin of these complex elec-
trograms remains to be elucidated. They may arise from 
small reentrant circuits (“microreentry”) or areas of slow 
conduction in multiple wavelet reentry. It is also possible 
that some sites are “bystander” regions with fi brillatory 
conduction and are therefore not critical for AF per-
petuation. An approach targeting CFEs has been used 
to treat paroxysmal and persistent AF, and termination 
of AF to atrial fl utter or sinus rhythm has occurred with 
this technique [ 17 , 18• ]. CFEs are typically identifi ed in 
the PV ostia, interatrial septum, anterior LA and base of 
the LA appendage, inferior LA, and coronary sinus.

  Linear ablation
  Linear ablation has been combined with PV isolation 
in efforts to further modify atrial substrate for AF and 
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prevent macroreentrant atrial tachycardias that may 
occur after circumferential PV ablation. Targets for lin-
ear lesions include the roof of the LA, the posterior wall 
between the PVs, and the segment between the mitral 
annulus and the left inferior PV (“mitral isthmus”). Abla-
tion in the cavo-tricuspid isthmus in the right atrium is 
often performed during AF ablation in patients with 
pre-existing typical right atrial fl utter. It may be diffi cult 
to achieve a complete line of block in some locations, 
especially in the mitral isthmus, which often requires 
ablation within the coronary sinus [ 19 ]. Linear ablation 
may be proarrhythmic if lines are not complete.

  Ganglionated plexi
  During PV isolation procedures with radiofrequency 
energy, profound vagal responses are sometimes encoun-
tered, characterized by transient bradycardia, sinus 
pauses, and hypotension [ 20 ]. These refl exes are attrib-
uted to the presence of parasympathetic nerve terminals 
in the vicinity of the PV ostia. Stimulation studies and 
histology show that the LA is richly innervated with 
parasympathetic and sympathetic nerve terminals, and 
ganglionated plexi exist near the PV ostia. Experimental 
models demonstrate the importance of vagal stimulation 
and sympathetic activation in the induction and focal 
triggers of AF. Parasympathetic stimulation shortens 
the action potential duration of PV myocytes (as occurs 
in the atrial myocardium), and sympathetic stimulation 
provokes delayed after-depolarizations due to calcium 

overload [ 12 ]. The combination of parasympathetic and 
sympathetic stimulation is particularly arrhythmogenic.

  After circumferential PV ablation, vagal denervation 
identifi ed by reduced heart rate variability is associ-
ated with higher long-term success rates [ 20 ]. Some 
researchers have advocated an approach to identify 
ganglionated plexi through high-frequency stimulation 
with the goal of targeting these sites for ablation [ 21 ]. 
Sites of ganglionated plexi also demonstrate CFEs dur-
ing AF, which provides another explanation for these 
complex recordings and a method to identify these sites 
in AF [ 22 ].

  Combined approaches
  To improve the effi cacy of ablation for persistent and 
chronic AF, some researchers have adopted a combi-
nation of techniques, including PV isolation, linear 
ablation, and targeting of CFEs or non-PV triggers [ 18• ]. 
PV isolation remains the cornerstone of ablation in most 
laboratories, but this technique alone may be insuffi cient 
to restore and maintain sinus rhythm. Using a staged 
approach, Haissaguerre et al. [ 18• , 23 ] have shown that 
AF may organize to atrial tachycardia or convert to sinus 
rhythm during ablation, which in turn predicts long-
term effi cacy in patients with chronic AF. Other groups 
have reported that PV isolation alone—in conjunction 
with ablation of atrial tachycardias that occur during 
the procedure—can achieve relatively high success rates 
for long-lasting AF [ 24 ].

     Figure 1 .  Pulmonary vein isolation is demonstrated with a multipolar “lasso” catheter ( arrow ) in the right superior pulmonary vein (RSPV). 
 A,  A posteroanterior map of the left atrium constructed with an electroanatomical mapping system (NavX; St. Jude Medical, St. Paul, MN). 
Radiofrequency lesions encircling the pulmonary veins (PVs) are depicted by  yellow circles .  B,  The tracing on the left shows a single sinus 
beats with three surface leads, fi ve electrograms from the coronary sinus (CS), and 10 electrograms from the lasso catheter in the RSPV. 
Before ablation (Pre), sharp defl ections are present within the vein, which are PV potentials. After completion of the encircling lesions, 
the PV potentials are no longer present, which is an electrical end point for PV isolation. aVF—augmented voltage, unipolar left leg lead.
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  Electroanatomical mapping and image integration
  AF ablation is facilitated by three-dimensional navigation 
systems, known as “electroanatomical mapping,” that 
reconstruct atrial anatomy ( Fig. 1 ). These technologies per-
mit nonfl uoroscopic catheter manipulation and the ability 
to sample and return to multiple sites in the atria. They can 
be integrated with other digital imaging modalities, such as 
CT, MRI, and ultrasound. Electroanatomical maps are now 
integrated with robotic technology and have the potential of 
evolving into fully automatic mapping and ablating systems.

  Outcomes of AF Ablation
  Procedural success rates for AF ablation depend on numer-
ous factors, including type of AF (paroxysmal, persistent, 
or long-lasting persistent), clinical and anatomic consider-
ations, ablation technique, and defi nition of success. Some 
studies report single procedural success rates, whereas 
others report cumulative success after multiple proce-
dures. Recurrences of AF and atrial tachycardia within 
weeks after ablation are common and do not necessarily 
predict long-term recurrences [ 25 ]. Thus, most studies 
include a “blanking period” of 1 to 3 months in report-
ing freedom from AF. Success rates are clearly affected by 
the intensity of rhythm monitoring after ablation, as clini-
cally asymptomatic AF is known to occur postablation as 
with medical therapy for AF [ 26 ]. Using implantable loop 
recorders is likely to demonstrate higher recurrence rates 
after ablation. Protocols for postablation treatment also 
differ in the use of antiarrhythmic drugs and success may 
be reported with or without concomitant drug therapy.

  For paroxysmal AF, single procedure success rates are 
generally 70% or greater, whereas success rates exceeding 
80% have been reported for multiple procedures. Three 
randomized studies of circumferential PV ablation for 
paroxysmal AF reported success rates of 75% to 86% at 1 

year following a single procedure, with higher success rates 
attainable with second procedures ( Table 1 ) [ 27• , 28• , 29 ]. 
Comparable success rates in the antiarrhythmic drug arms 
of these trials were 7% to 37%.

  For persistent AF, early experience yielded success 
rates of  ≤  50% for single procedures, and multiple pro-
cedure success rates were highly variable. A randomized 
study for persistent AF using wide circumferential ablation 
as adjunctive therapy to amiodarone and cardioversions 
demonstrated freedom from AF in 74% of patients after 1 
year, compared with 58% who did not undergo ablation 
( Table 1 ) [ 30• ]. Another study involving circumferential 
PV ablation in patients with paroxysmal and persistent 
AF yielded an AF-free rate of 56% after 1 year, compared 
with 9% in drug-treated patients ( Table 1 ) [ 31• ]. With 
more intensive ablation techniques that involve the addi-
tion of substrate modifi cation and staged ablation, success 
rates of  ≥  90% at almost 1 year have been reported [ 18• ].

  To date, only observational data are available regard-
ing survival benefi ts after AF ablation. Pappone et al. [ 32 ] 
reported that survival among 589 patients who underwent 
AF ablation exceeded that of 582 control patients treated 
with antiarrhythmic drugs, with a hazard ratio of 0.46 
(mean follow-up 2.5 years). In a Kaplan-Meier analysis, 
freedom from AF at 3 years was 78% among those treated 
with ablation versus 37% in the medically treated group.

  Complications
  Complications of AF ablation include pericardial effu-
sion and tamponade, thromboembolism and stroke, PV 
stenosis, esophageal injury and atrioesophageal fi stula, 
and phrenic nerve injury. Cardiac tamponade has been 
reported with a frequency generally in the range of 1% to 
2% [ 33 ]. Clinically signifi cant PV stenosis is uncommon 
with current techniques that involve antral isolation [ 34 ]. 

 Table 1. Randomized ablation trials for AF 

 Study  Acronym  Year  N  AF population  Design 
 Follow-up, 

mo 

 Freedom 
from AF 

(ablation vs 
control), % 

 Wazni et al. [ 27• ]  RAAFT 
pilot 

 2005  70  Paroxysmal  PVI vs AAD  12  87 vs 37 

 Pappone et al. [ 28• ]  APAF  2006  198  Paroxysmal  CPVA vs AAD  12  86 vs 22 

 Jais et al. [ 29 ]  A4  2006  112  Paroxysmal  PVI vs AAD  12  75 vs 7 

 Oral et al. [ 30• ]  —  2006  146  Persistent  CPVA + amiodarone 
+ cardioversion 
vs amiodarone + 

cardioversion 

 12  74 vs 58 

 Stabile et al. [ 31• ]  CACAF  2006  137  Paroxysmal (92), 
persistent (45) 

 CPVA vs AAD  12  56 vs 9 

 A4—Atrial Fibrillation Ablation vs Antiarrhythmic Drugs; AAD—antiarrhythmic drug; AF—atrial fi brillation; APAF—Ablation for Parox-
ysmal Atrial Fibrillation; CACAF—Catheter Ablation for the Cure of Atrial Fibrillation; CPVA—circumferential pulmonary vein ablation; 
PVI—pulmonary vein isolation; RAAFT—Radiofrequency Ablation Versus Antiarrhythmic Drugs for Atrial Fibrillation Treatment.  
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Using electroanatomical mapping, image integration, and 
intracardiac ultrasound ensures accurate lesion delivery 
outside the PVs. Esophageal injury may occur due to the 
esophagus’ close proximity to the posterior LA. Atrio-
esophageal fi stulas are usually catastrophic and associated 
with high mortality [ 35 ]. Fortunately, this complication 
is rare, and the risk may be reduced by identifying the 
esophagus’ location and minimizing energy delivery near 
this structure on the posterior wall. Methods to image the 
esophagus include fl uoroscopy with a temperature probe, 
barium swallow, tagging of the esophagus on the electro-
anatomical mapping system, and intracardiac ultrasound.

  Stroke and transient ischemic attacks occur at a rate 
of 0.5% to 1% [ 33 ]. To prevent thrombemboli, screening 
for LA thrombi is often performed with transesopha-
geal echocardiography before ablation. New research 
has suggested that CT with intravenous contrast holds 
promise for excluding LA thrombi [ 36 ]. Anticoagulation 
with intravenous heparin is used during LA catheteriza-
tion to maintain an activated clotting time of at least 
300 seconds, and oral anticoagulation is used for at least 
2 months after ablation [ 37•• ]. For patients with  ≥  2 
CHADS2 risk factors, continued anticoagulation beyond 
the initial 2-month period is recommended.

  Atrial tachycardias may occur after AF ablation, particu-
larly after wide encircling PV isolation, and the frequency may 
be as high as 10% to 25% [ 38 , 39 ]. These arrhythmias take 
the form of reentrant circuits that involve reconnected PVs 
due to gaps in the encircling lesions. In addition, circuits may 
occur around the mitral annulus or ipsilateral PVs. Focal 
atrial tachycardias also occur after AF ablation, often from 
tissue adjacent to ablation lines. These tachycardias are ame-
nable to re-ablation, with relatively high acute success rates.

  Patient Selection
  Historically, the ideal patient for catheter ablation had 
paroxysmal AF, was relatively young, and had little or no 
structural heart disease. With improved experience and 
techniques, the indications for AF ablation have expanded. 
Now, AF ablations are performed with reasonable success 
and complication rates in older patients and those with per-
sistent AF, structural heart disease, and left atrial dilatation 
[ 40 ]. AF ablation has improved symptoms and left ven-
tricular function in selected patients with congestive heart 
failure [ 41 ]. Ablation has also been performed in patients 
with hypertrophic cardiomyopathy [ 42 ] and in those with 
prior cardiac surgery and valve disease (although LA cath-
eterization in patients with mechanical mitral valves poses 
a serious risk of catheter entrapment) [ 43 ].

  An expert consensus statement endorsed by three 
professional electrophysiology societies considers AF abla-
tion to be indicated in symptomatic patients who failed at 
least one class I or III antiarrhythmic drug [ 37•• ]. In rare 
circumstances, ablation may be considered appropriate as 
fi rst-line therapy. This latter approach is reasonable for 

relatively young patients who do not wish take antiarrhyth-
mic drugs and fully understand this complex procedure’s 
risks and benefi ts.

  Conclusions
  Ongoing clinical trials will address catheter ablation’s role 
as fi rst-line therapy for AF. For example, the CABANA 
trial is a large, prospective, multicenter, randomized study 
designed to test the hypothesis that catheter ablation of 
AF is superior to rate control or antiarrhythmic drugs for 
reducing total mortality (the study’s primary end point). A 
secondary end point will be the composite of total mortal-
ity, disabling stroke, serious bleeding, and cardiac arrest. 
Eligibility criteria include 1) age  ≥  65 years or 2) age less 
than 65 years with at least one risk factor for coronary 
disease or stroke. Patients are randomized to drug treat-
ment with rate control or rhythm control versus catheter 
ablation. The RAAFT study will compare PV isolation to 
antiarrhythmic drugs as fi rst-line therapy in patients with 
paroxysmal AF. The primary end point is time to fi rst AF 
recurrence, and primary safety data will be assessed for 
ablation and antiarrhythmic drug treatment. Quality of 
life will be assessed as a secondary end point.

  Other trials will address the effi cacy of different 
techniques, such as PV isolation, CFEs, autonomic modi-
fi cation, or hybrid approaches, for AF ablation. Future 
developments will also include evaluating new energy 
sources for ablation and new technology, such as inte-
grated robotic navigation and real-time imaging.

  Clinical Trial Acronyms
  AFFIRM—Atrial Fibrillation Follow-up Investigation 
of Rhythm Management; CABANA—Catheter Abla-
tion Versus Antiarrhythmic Drug Therapy for Atrial 
Fibrillation; RAAFT—Radiofrequency Ablation Versus 
Antiarrhythmic Drugs for Atrial Fibrillation Treatment.
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