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Atrial Fibrillation Ablation: State of the Art

Carlo Pappone, MD, PhD,* and Vincenzo Santinelli, MD

Among several catheter-based strategies for curing atrial fibrillation (AF), 2 ap-
proaches have emerged as dominant strategies in current clinical practice: ostial
segmental disconnection of all pulmonary veins (PVs) from the adjacent atrial tissue
and circumferential PV ablation, first reported by our laboratory in Milan. The cure
for AF by circumferential PV ablation has had a dramatic impact on morbidity,
quality of life, and even mortality in patients with the most frequent cardiac arrhyth-
mia. The last 10 years of AF ablation are characterized by a better understanding of
AF mechanisms as well as by new and evolving concepts associated with innovation
in technologies. We recently demonstrated, for the first time, the role of vagal
denervation in enhancing long-term benefits from circumferential PV ablation. Un-
like other strategies, our strategy was associated with high success rates in both
paroxysmal and chronic AF. As a result, our initial approach did not substantially
change over time, and now we have long-term results after >3 years of follow-up.
Recently, we demonstrated the safety and feasibility of remote magnetic navigation of a
soft magnetic-tip catheter within the left atrium, even at challenging sites for both
mapping and ablation in patients with AF. Use of a robotic navigation system has begun
a new era in interventional cardiac electrophysiology—without risk of major complica-
tions, such as cardiac tamponade or atrioesophageal fistula, even in less experienced
laboratories. © 2005 Elsevier Inc. All rights reserved. (Am J Cardiol 2005;96[suppl]:

59L–64L)
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urrently, atrial fibrillation (AF) is a source of consider-
ble concern, and its impact is likely to be amplified as
he estimated number of patients affected by AF is ex-
ected to increase nearly 2.5-fold over the next 50 years.
F is associated with an increased number of emergency
epartment visits and hospitalizations, and frequent elec-
rical cardioversions may be required despite the use of
ntiarrhythmic drugs. These observations indicate how
mperative it is to promote coordinated efforts on behalf
f cardiologists, electrophysiologists, neurologists, and
rimary care providers to meet the increasing challenge
f stroke prevention and rhythm management in the
rowing population with AF. Catheter ablation to cure
F has now evolved as an established method for treating

his common rhythm disorder. Catheter ablation of AF is
ow performed on a daily basis in electrophysiology
aboratories in most regions of the world. Cure of AF has
ad a dramatic impact on quality of life, morbidity, and
ortality. The first decade of AF ablation was character-

zed by new observations and concepts as well as im-
rovement in technology. Most current treatment ap-
roaches for AF aim at ablation around the pulmonary
eins (PVs) with or without additional ablation lesion
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ines, a procedure that yields low complication rates and
igh success rates in both paroxysmal and chronic
F.1–10 Electrical isolation of the PV from the atrial

ubstrate provides an electrophysiologically based end
oint that serves to prevent propagation of arrhythmo-
enic impulses from the PV to the atria, eliminating this
egion from the substrate capable of maintaining AF.
owever, electrical isolation of the PV may not be re-
uired, as demonstrated by circumferential PV ablation
CPVA): a �80% reduction in the bipolar voltage am-
litude in the ablation lines of CPVA results in even
reater long-term success.

The AF Follow-up Investigation of Rhythm Manage-
ent (AFFIRM) showed that a rhythm control strategy

onfers no survival advantage over rate control among
atients with AF who had risk factors for stroke.11,12

owever, drug inefficacy or adverse drug effects, or
oth, can easily account for the absence of a survival
enefit of rhythm control. We have found that in both
blation and antiarrhythmic treatment groups, sinus
hythm (SR) maintenance is associated with significantly
ower mortality and adverse event rates, calling into
uestion the results of 3 recent AF trials (the Pharmaco-
ogical Intervention in Atrial Fibrillation [PIAF]12 trial,
FFIRM,11 and the Rate Control Versus Electrical Car-
ioversion for Persistent Atrial Fibrillation [RACE]12a

rial). Our results suggest that catheter ablation for curing
F is effective in the long term and will continue to
mprove with further technologic advances.13
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urrent Atrial Fibrillation Ablation Strategies:
omparative Data

mong several catheter-based strategies for AF treatment, 2
ave emerged as dominant strategies in current clinical
ractice: 1 is aimed at ostial segmental disconnection of all
Vs from the adjacent atrial tissue, and the other is aimed at
natomic circumferential ablation outside the PV ostia with
dditional lines as first described by our group.1 Is either of
he 2 ablation strategies superior to the other, since the 2
roposed strategies are based on different rationales, require
ifferent methods, and aim for different end points? If other
trial tissue, including areas adjacent to the orifice of the
Vs and left posterior wall, are also involved in the mech-
nism responsible for AF, ablation around these critical
reas becomes a relevant part of the strategy and an inno-
ative, challenging concept. To investigate whether 1 of the
ablation strategies is superior to the other, segmental ostial

blation was compared with the circumferential left atrial
LA) ablation strategy in a randomized study in 80 patients
ith paroxysmal AF.6 The end point of the study was

reedom from symptomatic AF in the absence of drug ther-
py after a single ablation procedure. In this study, symp-
omatic paroxysmal AF was eliminated more reliably by LA
blation that encircled the PVs than by segmental ostial
blation of the 4 PVs. The circumferential LA ablation
trategy was found to be significantly more effective than
egmental ostial ablation, with a success rate at 6 months of
7% and 67%, respectively. The procedure duration with
oth approaches was about 2.5 hours, although 50% shorter
uoroscopy times were reported. No difference in compli-
ation rates between the 2 ablation strategies was reported.
t 6 months, 67% of patients randomized to segmental

blation were in SR without a repeat procedure, as were
8% of those randomized to CPVA. Among patients with
ecurrent AF after segmental isolation who were subse-
uently treated with CPVA, the Michigan group did not
bserve AF recurrences. Unlike PV isolation alone, CPVA
ay eliminate PV triggers—anchor points for rotors or

mother waves” that drive AF as well as affect the vein of
arshall, which has LA insertion in close proximity to the

eft superior PV (LSPV). CPVA also excludes approxi-
ately 25% to 30% of the posterior LA wall, limiting the

rea available for circulating wavelets that may perpetuate
F. These findings suggest that LA ablation to encircle the
Vs is preferable to segmental ostial ablation alone as the
rst approach. In the last several years, most electrophysi-
logic groups, including the pioneering group of Bordeaux,
rogressively and substantially changed their initial strategy
rom focal to more extensive lesions for better success rates
ith lower risks, especially in patients with chronic AF. We
elieve that the 2 initially different strategies have now
eported similar success rates and are tending toward a
nified strategy, ie, the circumferential approach.13 Actu-

lly, it appears that disconnection alone is insufficient; an t
nlarged ablation design inclusive of additional lesion lines
s indeed crucial to cure patients with AF.

trial Fibrillation Mechanisms

o assess whether 1 strategy is superior to the other, it is
rucial to understand the mechanisms that underlie human
F since the 2 proposed strategies are based on different

ationales. The mechanisms of AF are complex and not yet
ell defined (Figure 1).8,10,14–16 Improvements in catheter

blation techniques essentially depend on better understand-
ng of the mechanisms of this arrhythmia. Chronic AF is a
ighly heterogeneous and complex disease, and there are
ifferent mechanisms in different patients. However, it has
ecome increasingly evident that AF is a disease of the
osterior wall of the left atrium. The circumferential LA
blation strategy, including ablation lines in the posterior
eft atrium and mitral isthmus, has several possible mecha-
isms of action: (1) PV isolation, at least to some degree; (2)
limination of anchor points for mother waves, or rotors that
ay generate AF, at or near the LA-PV junction; (3) abla-

ion of other potential trigger sites, such as the vein of
arshall and the posterior LA wall; (4) ablation of right LA

onnections that may play a role in generating AF; (5) atrial
ebulking to provide less space for circulating wavelets; and
6) complete PV vagal denervation. Some or all of these
actors may explain why CPVA is superior to PV isolation
lone for both paroxysmal and chronic AF. Also, we re-
ently demonstrated and localized vagal fibers and/or gan-
lia around PV ostia at the venoatrial junction. Their abla-
ion results in heart rate variability attenuation during
ollow-up and no AF recurrence in almost all patients in
hom it is possible to elicit and ablate such vagal reflexes

overall, 30% of patients in our series). The usual sites of
A lesions required to ablate AF coincide with regions of
agal innervation. CPVA is able to eliminate both the trig-
ers and the substrate, including local vagal denervation.

natomic Considerations

V anatomic variability may have potential implications in
he choice of the ablation approach. In patients with such
V anatomic variations, the circumferential approach is
ore favorable. One such variation is the presence of a

ommon ostium of the left PVs, occurring in �32% of
atients undergoing PV isolation. Such common ostia typ-
cally are too large to allow a stable position of the circum-
erential mapping catheter. Another anatomic variation is
he presence of a right middle-lobe PV, present in �21% of
atients. When present, this vein typically is separated from
he right superior and right inferior PVs by a narrow rim of
trial tissue. This predisposes to sliding of the ablating
atheter into the variant PV during ablation. Another ana-

omic finding that renders an extraostial isolation more
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avorable is an ostial diameter �10 mm. Radiofrequency
RF) applications at a small ostium carry a higher than usual
isk of PV stenosis.

ircumferential Pulmonary Vein Ablation Technique
Patient population and selection: Over the last 5 years,

6,000 patients with either paroxysmal or chronic AF,
any of whom had associated structural heart disease, were

eferred to our department for circumferential PV ablation.
n our series the presence of heart failure, coronary artery
isease, and mechanical prosthetic valves did not affect the

igure 1. In the posterior left atrial (LA) wall, rotor-driven atrial fibrillatio
s on the crucial role of the pulmonary vein (PV)-LA junction for success
V; LOM � ligament of Marshall; LSPV � left superior PV; RA � righ
ena cava. (Adapted from Circulation,8,14,15 N Engl J Med,10 and Ann Th

Table 1
Complication rates following circumfere

Complication

Death
Pericardial effusion
Stroke
Transient ischemic attack
Tamponade
Atrioesophageal fistula
PV stenosis
Incisional left atrial tachycardia
utcome. d
Mapping and ablation procedure: Three catheters are
sually used: (1) a standard bipolar or quadripolar catheter
n the right ventricular apex to provide backup pacing, (2) a
uadripolar catheter in the coronary sinus to allow pacing of
he left atrium, and (3) a deflectable ablation catheter to be
dvanced through the transseptal sheath. A pigtail catheter
s temporarily positioned above the aortic valve to act as a
andmark at the time of transseptal puncture. A reference
atch is also placed on the back of the patient. A 3-dimen-
ional reconstruction of the left atrium is created with an
lectroanatomic mapping system. Tubular models of the
Vs and the outline of the mitral valve annulus are also

able to catheter ablation using an extensive approach is shown. Emphasis
tion of atrial fibrillation. IVC � inferior vena cava; LIPV � left inferior
RIPV � right inferior PV; RSPV � right superior PV; SVC � superior
rg.16)

lmonary vein (PV) ablation

Rate (%)

0.0
0.1
0.03
0.2
0.1
0.03
0.0
6.0
n amen
ful abla
t atrial;
ntial pu
epicted as anatomic landmarks for the navigation system,
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nd we create the map by entering each PV in turn (Figure
). Three locations are recorded along the mitral annulus to
ag the valve orifice. To secure PV entry, we use 3 criteria
ased on (1) fluoroscopy, (2) impedance, and (3) electrical
ctivity. Entry into the vein is clearly identified because the
atheter leaves the cardiac shadow on fluoroscopy, imped-
nce usually increases �140 to 150 �, and electrical activ-
ty disappears. To better differentiate between PVs and the
eft atrium, we use voltage criteria (fractionation of the local
ipolar electrogram) and impedance (an increase of �4 �
bove mean LA impedance) to define the PV ostium. An-
tomic appearance clearly acts as added confirmation of
atheter entry into the PV ostium, and an 8-mm tip-deflect-
ble catheter or a 4-mm tip-irrigated catheter is used for
apping and ablation. The mapping and ablation proce-

ures are performed by using the coronary sinus atrial signal
f the patient is in SR, or the right ventricular signal if the
atient is in AF, as the synchronization trigger for the
ARTO (Biosense Webster, Inc., Diamond Bar, CA) sys-

em. Each endocardial location is recorded while a stable
atheter position is maintained, as assessed by both end-
iastolic stability (a distance of 2 mm between 2 successive
ocations) and local activation time stability. Atrial volumes
re calculated at the end of diastole independently of the
nderlying rhythm (AF or SR). The mapping catheter is
ntroduced into the left atrium under fluoroscopic guidance,
nd its location is recorded relative to the location of the
xed reference. Usually, 100 points are required to create
dequate maps of the left atrium and PVs, and �200 points
or accurate mapping of LA tachycardia. Anatomic recon-
truction of the left atrium obtained with the CARTO sys-
em or Endocardial Solutions (St. Paul, MN) system is
eliable compared with magnetic resonance imaging. By
oving the catheter inside the heart, the mapping system

ontinuously analyzes its location and orientation and pre-
ents it to the user on the monitor of a graphic workstation,
hereby allowing navigation without the use of fluoroscopy.
he mapping procedure is performed by moving the cath-
ter to numerous sequential points within the left atrium and
Vs, and establishing the location in 3-dimensional space

ogether with the local unipolar and bipolar voltages and the
ocal activation time relative to the chosen reference inter-
al. The acquired information is then color coded and dis-
layed. As each new site is acquired, reconstruction is
rogressively updated in real time to create 3-dimensional
hamber geometry color coded with activation time. Addi-
ionally, collected data can be displayed as voltage maps
epicting the magnitude of the local peak voltage in a
-dimensional model. The chamber geometry is recon-
tructed in real time by interpolation of the acquired points.
ocal activation times can be used to create activation maps,
hich are important when mapping and ablating focal or
acroreentrant atrial tachycardia but are not used during
blation in patients with AF. c
Ablation strategy: Our initial ablation strategy was to
ncircle the 4 PVs by creating circumferential lesions
round each PV. These lines consisted of contiguous
ocal lesions deployed at �5 mm from the PV ostia.
owever, since 2001, additional ablation lines on the
osterior wall connecting both the superior and inferior
Vs and the mitral annulus to the left inferior PV (mitral

sthmus line) are created (Figure 2) to prevent postabla-
ion LA flutter.8,9 RF current is usually applied with a
arget temperature of 55°C to 65°C and a maximum
ower of 100 W. CPVA is performed 1 to 2 cm from the
V ostia to encircle each PV. RF energy is applied in the
osterior wall with a maximum power of 50 W and a
emperature target of 55°C to minimize the risk of injury.
F energy is applied continuously on the circumferential
lanned ablation lines as the catheter is gradually
ragged along the line. Continuous catheter movement,
ften in a to-and-fro fashion over a point, helps keep
atheter-tip temperature down by means of passive cool-
ng. The end point of ablation is voltage abatement of the
ocal atrial electrogram by 90% or to �0.05 mV. In some
atients, if necessary, additional ablation lines are cre-
ted along the LA roof, septum/anterior wall, or along the
osterior mitral annulus. On average, a total of 10 to 15
econds of RF is required. Circumferential ablation lines
re usually created by starting at the lateral mitral annu-
us and withdrawing posteriorly and then anteriorly to
eft-sided PVs, passing between the LSPV and the LA
ppendage before completing the circumferential line on
he posterior wall of the left atrium. The “ridge” between
he LSPV and LA appendage can be identified by frag-
ented electrograms resulting from the collision of ac-

ivity from the LA appendage and LSPV/left atrium. We
bserved termination of AF during the procedure in about
ne third of patients. If AF does not terminate during RF,
ransthoracic cardioversion is performed at the end of the
rocedure. If there is immediate recurrence of AF after
ardioversion, completeness of the lines is reassessed.
blation is performed in the cavotricuspid isthmus in
atients with a history of typical atrial flutter; in patients
ith cavotricuspid isthmus– dependent atrial flutter, it is

nduced by atrial pacing.

PV innervation and denervation: Potential vagal target
ites are identified during the procedure in �33% of pa-
ients.4 Vagal reflexes are considered sinus bradycardia
�40 beats per minute), asystole, atrioventricular block, or
ypotension that occurs within a few seconds of the onset of
F application. If a reflex is elicited, RF energy is delivered
ntil such reflexes are abolished or for �30 seconds. The
nd point for ablation at these sites is termination of the
eflex that is followed by sinus tachycardia or AF. Failure to
eproduce the reflexes with repeat RF is considered confir-
ation of denervation. Complete local vagal denervation is

onfirmed by the abolition of all vagal reflexes. The most

ommon sites are tagged on electroanatomic maps.4



f
p
b
t
a
m
a
fi
a
l
b
s
e
i
i
d
I
a
p

d
c
c

S

C
i
u
e
i
o

a
t
n
i
a
a
p
a
a
l
i
m
a
p
d
s
t
S

A
A

R
l
r
m
t
r
m
d
f
b

F
c
i
M RSPV

63LPappone and Santinelli/ Atrial Fibrillation Ablation: State of the Art
Among patients in SR, postablation remapping is per-
ormed using the preablation map for the acquisition of new
oints to permit accurate comparison of pre- and post-RF
ipolar voltage maps. Among patients in AF, after restora-
ion of SR, postablation remapping is performed with the
natomic map acquired during AF to have the same land-
arks and lesion tags for accurate lesion validation. Gaps

re defined as breakthroughs in an ablated area and identi-
ed by sites with single potentials as well as by early local
ctivation. The completeness of the mitral isthmus lesion
ine is usually demonstrated during coronary sinus pacing
y endocardial and coronary sinus mapping to seek widely
paced double potentials across the line of block. In our
xperience, after block is achieved, the double-potential
nterval at the mitral isthmus during coronary sinus pacing
s usually approximately 150 msec, depending on the atrial
imensions and the extent of scarring and lesion creation.8

f incomplete block is revealed by impulse propagation
cross the line, further RF applications are made to com-
lete the line of block.

In patients who are in AF at the beginning of the proce-
ure, RF ablation is performed without an initial attempt at
ardioversion. If AF does not terminate during ablation,
ardioversion is performed at the end of the procedure.

afety and Efficacy

omplications of circumferential LA ablation are reported
n Table 1. Postablation LA flutter is relatively common but
sually does not require a repeat procedure because it gen-
rally resolves spontaneously within 5 months after the
ndex procedure. Atrioesophageal fistula is rare, but its

igure 2. Preablation and postablation electroanatomic left atrial maps. Circ
onstituting the standard ablation set for circumferential PV ablation. Add
sthmus line connecting the mitral annulus and the left inferior PV (LIPV)

V � mitral valve; PA � pulmonary artery; RIPV � right inferior PV;
ccurrence is dramatic and devastating.5 Lower RF energy f
pplication is recommended when ablating on the LA pos-
erior wall; at present, the line is made on the posterior wall
ear the roof of the left atrium, where the left atrium is not
n direct contact with the esophagus. Success rates are
pproximately 90% among patients with paroxysmal AF
nd 80% among those with chronic AF. In patients with
aroxysmal AF in whom vagal reflexes are elicited and
bolished by RF application, the long-term success rate is
pproximately 100%.4 A recent randomized study by our
aboratory demonstrated that early recurrence of AF or
atrogenic LA tachycardia may occur within the first few
onths after the procedure, particularly in patients without

dditional ablation lines; usually they do not require a repeat
rocedure because the condition resolves spontaneously
uring long-term follow-up.8 Another recent randomized
tudy by our laboratory demonstrated that CPVA is superior
o administration of amiodarone in maintaining long-term
R in patients with chronic AF.

natomic, Electrical, and Functional Remodeling
fter Pulmonary Vein Ablation

estoration of SR after ablation (usually by 5-month fol-
ow-up) results in “reverse” electrical and mechanical atrial
emodeling and improved atrial function. Enlarged atria
ay become smaller, and this is associated with both elec-

rical and mechanical changes. Among patients with mitral
egurgitation who undergo ablation, anatomic remodeling is
ore pronounced and, interestingly, is associated with re-

uced mitral regurgitation and improved left ventricular
unction compared with patients in whom SR is maintained
y drugs alone. In our experience, anatomic, electrical, and

iofrequency lesions are created around each pulmonary vein (PV) ostium,
linear lesions connect both the right-sided and left-sided PVs. The mitral
ent left atrial incisional tachycardia is evident. LSPV � left superior PV;
� right superior PV.
ular rad
itional
to prev
unctional remodeling after ablation is associated with a
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ood long-term outcome in patients with either paroxysmal
r chronic AF.

uture Directions
Remote magnetic catheter navigation system for

apping and ablation of AF—a new era in interven-
ional electrophysiology: A novel and promising approach
o transcatheter AF ablation is the robotic magnetic naviga-
ion system for accurate mapping and ablation. The initial
xperience with this system in our laboratory has shown that
he remote control of a soft magnetic catheter in patients
ith either paroxysmal or chronic AF is safe and feasible.
his navigation system is integrated with a newly developed
lectroanatomic CARTO RMT (Biosense Webster, Inc.)
apping system. A special magnetic 4-mm tip mapping and

blation catheter with a location sensor, the NaviStar-RMT
atheter, has been developed to function with both magnetic
avigation and the CARTO system. The CARTO RMT
ystem sends real-time catheter-tip location and orientation
ata to the magnetic navigation system. Magnetic field
rientations corresponding to specific map points can be
tored on the navigation system and reapplied, if desired, to
eturn to previously visited locations on the map, repeatably
nd accurately. We have now developed a remote mapping
nd ablation protocol for circumferential PV ablation pro-
edures.9 The learning curve is not long and is limited to the
rst case. No complication has been observed.

On the basis of our experience with this remote naviga-
ion technology in patients with node-reentrant atrioventric-
lar reciprocating tachycardia and/or accessory pathways,
s well as in patients with AF, we believe a new era in
nterventional electrophysiology is beginning. Magnetic
atheters can now be navigated in the left atrium more
recisely and safely than achieved manually, without risk of
ajor complications, even in less experienced centers.

onclusion

he circumferential PV approach to ablation can be safely
erformed in most patients with either paroxysmal or
hronic AF, with high success rates that are maintained over
he long term. With practice and new technology develop-
ent, the procedure can be accomplished more quickly and

an be safely performed even in less experienced centers,
hus improving patient tolerance and exposing the patient to
ess risk.
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