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INTRODUCTION

The management of atrial fibrillation has undergone radical changes over the past decade. Although our understanding of
the mechanisms underlying this common arrhythmia is still incomplete, with multiple overlapping and controversial theories,
catheter ablation has rapidly become part of the standard of care as recognized in the latest version of the ACC-AHA-HRS

guidelines.!

What follows is a brief overview of the rationale, techniques, results, pitfalls and challenges of catheter-based treatments

of atrial fibrillation.

MECHANISMS OF ATRIAL
FIBRILLATION: A BRIEF
ACCOUNT
Lackinga full understanding of a disease
has never been an obstacle for designing
and testing many successful therapies,
and in fact it may seem that proposed
mechanisms stem from therapies. For
example, shortly after the electrocar-
diogram was described, researchers
proposed several hypotheses regarding
the mechanisms of atrial fibrillation,
none of which are universally accepred.

Prinzmetal et al. proposed thar a single,
rapidly firing focus could lead to fibril-
latory activation patterns.® Afterward,
Moe and Abildskov reported that muld-
ple self-perpetuating wavelets could lead
w fibrillation in the presence of disper-
sion of refractoriness and in the absence
of organized reentry or focal acriva-
tions.” This multiple wavelet hypothesis
was the prevailing paradigm for more
than four decades.

In the last decade, however, experi-
mental and clinical data have questioned
this understanding. Haissaguerre et
al. demonstrated that in patients with
paroxysmal acrial fibrillation, the initiar-
ing atrial ectopic beat could be mapped
most commonly at the pulmonary veins,
and that ablation of these foci abolished
atrial fibrillation in 62% of patients.”
Thus a paradigm in which a focal trigger
initiates fibrillation was proposed.

Multiple mapping studies have shown
that there is a gradient activation rate

between the left and right atrium during
atrial fibrillation. Jalife and collabo-
rators combined simultaneous optical
recordings of left and right atrium and
found thar activations in the lefr arvium
were consistently faster, more regular,
and with more beat-to-beat propagation
pattern consistency than activations in
the right atrium, which were slower,
more irregular, and showed more vari-
able spartial activation patterns. They
proposed the mother rotor paradigm,’
which posits that there is a stable reen-
trant source, usually in the left acrium,
from which propagations emanate (o
neighboring tissues. Such neighboring
tissues, however, cannor sustain 1;1
propagations, and ensuing wavebreaks
generate irregular acrivation patterns
seen in cthe electrocardiogram. This
paradigm concurs with data showing a
left ro right frequency gradient. Mapping
studies have demonstrated the perive-
nous left arrium’s ability tw sustain such
rotors, which have been correlated with
the complex fiber architecture of the

pulmonary veins leading to anisotro-
pic reentry. However, more recent work
from Peng-Sheng Chen® and Jeffrey
Olgin” suggest that focal beats can also
otiginate from the pulmonary veins.
The role of the autonomic nervous
system in initiating and maincaining
atrial fibrilladon has long been the
source of clinical and basic research. It is
well known that cholinergic influences
tend to shorten action potential dura-
tion and enhance the ability of arrial
myocytes to sustain rapid activarion
rates. Both vagal and sympathetic nerve
endings are abundant in the pulmo-
nary veins, and a recent hypothesis
posits that the simultaneous discharge
of both sympathetic and parasympa-
thetic nerves initiates focal activations
via early afterdepolarizations, created
by sympathetically induced calcium
overload combined with parasympa-
thetically induced shortening of the
action potential. Focal activarions in
the presence of complex anisotropic
structure around the pulmonary veins

Modalities of catheter-based treatment of atrial fibrillation:

1. Pulmonary vein isclation

2. Circumferential (wide area} pulmonary vein ablation

3. Antrum isolation

4. Complex and fractionated atrial electrogram ablation

5. Vagal denervation

Table 1. A summary of catheter-based treatments for atrial fibrillation.
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Figure 1. Proposed mechanisms of atrial fibrillation

can lead to reentry formation. Figure 1
summarizes the proposed mechanisms
of atrial fibrillation.

THE BEGINNING:

SURGICAL MAZE .
The procedure pioneered by Cox er
al. included a set of surgical incisions
across the right and left atrium ro
divide atrial rissue in smaller segments,
thus limiting the amount of tissue to
which a given electrical propagation
had access.® Although the procedure
has significant reported success (sinus
thythm in 81-95% of the patients} and
very low reported incidence of stroke
(less than 0.1 % per year), the need
for cardiac surgery, frequent require-
ment of pacemaker implant due to
sinus node dysfunction (up to 15%),
and frequent loss of atrial transport
function (7%)® have made the surgical
approach a less desirable first option for
the nonpharmacologic management of
atrial fibrillation,

CURRBENT INVASIVE
APPROACHES TO
TREATMENT
Encouraged by results of the surgical
procedure, cardiac electrophysiologists
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attempted to emulate the surgical lesion
set using a catheter-based approach to
deliver radiofrequency energy, replicat-
ing the linear incisions of the maze
procedure. Schwartz and Haisaguerre’
reported rather disappointing results
with this approach due to their inabil-
ity o complete the full lesion set and
frequent discontinuities in the lines of
ablation, which lead to atrial flutters and
the need to repear the procedure. Figure
2 illustrares the current catheter’ based
approaches for ablation of atrial fibril-
lation. The following sections describe
the various catheter-based modalities
for the treatment of arrial fibrillation
(Table 1).

Pulmonary vein-based strategies

In cheir now study,
Haissaguerre et al. found that initiation
of paroxysmal arrial fibrillarion could

classic

be mapped to pulmonary veins in the
overwhelming majority of the cases.
Furthermore, focal ablarion of these sites
resulted in a 62% eliminartion of atrial
fibrillation at eight months follow-up.*
While the results were rapidly repli-
cated by several groups, they found
that focal ablation at these sites was
inferior to complete electrical isolation
using a multipolar catheter. The proce-

dure evolved to include insertion of
a circular catheter in the pulmonary
vein ostia to record local pulmonary
vein potentials. Radiofrequency abla-
tion was then performed proximally,
aiming at eliminating such potentials in
the circular catheter to obtain pulmo-
nary vein isolation. These results have
been reproduced by different groups,
oscillating between 50-85% success in
eliminating atrial fibrillation. Results
were consistently better in patients
with paroxysmal (-70-80% success)
compared to chronic (20-50%) atrial
fibrillation."

In 2000, Pappone et al. introduced
a procedural variant whereby circular
lesions were created around the circum-
ference of each pulmonary vein ostium
to decrease the local electrogram ampli-
tuele at each site. This variant obviated
the need for the circular carheter and a
second transeptal puncture but required
the use of a three-dimensional mapping
system to track lesions in space and
w0 achieve complete encircling of the
pulmoenary veins.

Furthermore, the initial success rares
in patients with chronic forms of atrial
fibrillation seemed to be more compa-
rable to those with paroxysmal forms
(85% vs. 68Y%, respectively).!! This
approach was later modified by moving
the circuamferential lesion set towards
the body of the left atrium, away from
the ostium of the wveins. From the
mechanistic standpoint, it no [onger
meant isolation of pulmonary vein foci,
and it was understood as a “substrate
modification.” Following the descrip-
tion of this procedural variant (often
called circumferential pulmonary vein
ablation), the results were reproduced
by several groups, with success rates
between 40-909% for paroxysmal atrial
fibrillation and 50-70% for chronic.'®

It has been hard to compare the
efficacy of these two procedural vari-
ants. Two studies that compared their
efficacy head-to-head yielded opposire
results, Oral et al. showed superiority
of the circumferential pulmonary vein
ablation {88% vs. 67%),!7 whereas




Figure 2, Invasive therapies for atrial fibrillation.
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Karch et al. showed 82% symptom-
free survival with pulmonary vein
isolation versus 94% for circumferen-
tial ablation.!?

An alternacive approach, proposed
by the Cleveland Clinic and labeled
antrum isolarion, entails ablation of all
atrial tissue surrounding the entrance
of the pulmonary veins into the left
atrium. Such variant requires extensive
lesions in the ~2cm cuffs of atrial tissue
proximal to the pulmonary veins and
almost the entire posterior wall of the
left atrium. The procedural endpoint
is elimination of all atrial electrograms
in these areas, which requires thorough
radiofrequency applications guided by a
circular multielectrode mapping cath-
eter. In the hands of the Cleveland
Clinic group, this procedure surpasses
other procedural modalities in efficacy
and safety, with reported success rates
oscillating berween 75-95% depending
on patient characreristics.!*

Nonpulmonary vein strategies

As a result of lesions delivered in the
lefr acrium with the artendant creation of
substrates for reentry, left atrial flureers
were reported as a common complica-
tion. The addition of adjunctive linear
ablation lesions berween the pulmonary
veins in the posterior wall and in the
mitral isthmus (from the mitral annulus
to the left pulmonary veins) was shown
to help prevent such flucters.

Given the obvious fact that pulmo-
nary veins are part of the normal
anaromy whereas atrial fibrillation
is not part of normal physiology, it
follows thar their role is at most permis-
sive and thar other factors also must
play a role in iniriating and maintain-
ing atrial fibrillation. The autonomic
nervous system is an actractive candi-
date, since it is well-known that some
paroxysms of acrial fibrillation are trig-
gered by cither parasympathetic (e.g.
postprandial, nocturnal) or sympathetic
(exercise) influences,

The group at the University of
Oklahoma has done extensive research
in the role of parasympatheric ganglia
as promoters of atrial fibrillation and
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found a common colocalization of these
ganglia and the pulmonary vein ostia
and coronary sinus. Not surprisingly,
these areas can be targeted during the
ablative strategies previously outlined.
Indeed, Pappone et al. have shown that
vagal reflexes can be triggered during
ablation of pulmonary veins and that
abolition of these reflexes (implying
destruction of the vagal ganglia) leads
to an incremental outcome benefit,!” As
of today, vagal ganglia ablation is not
part of the routine ablation strategies
and remains investigational.

One additional strategy described by
Nademanee er al. is ablarion of complex
tractionared electrograms during acrial
fibrillation chroughout atrial tissue.!®
This approach does nort entail a particu-
lar spatial distribution of the lesion ser
bur rather directs radiofrequency appli-
cation to specific sites in the atria thac
exhibit particularly rapid, fractionared,
or complex electrograms. Although no
specific sparial parrerns of lesions can be
described a priori, common locations of
complex potentials included the pulme-
nary veins, interarrial septum, coronary
sinus ostium, cavorricuspid isthmus,
and inferolaceral right atrium. Using
this approach, 91% of the patients were
free of atrial fibrillation after one year.

The procedure, in any of its vari-
anes, requires a high level of skill and
training, including competence with
the transeptal puncrure, dexrerity
in manipulating catheters, an accu-
rate three-dimensional understanding

Criteria for patient selection.

of cardiac anatomy, and experience
interpreting intracardiac electrograms.
Adjuncrive tools 1o guide ablation such
as incracardiac echocardiography and
3D mapping systems (Figure 3) have
become standard and require train-
ing and experience, Prompt recognition
and trearment of complications such
as amponade (with pericardiocente-
sis) require additional expertise. The
technical sophisrication of the proce-
dure keeps growing, and remote
magnetic-based or robotic navigation
systemns are likely to be incorporated.

PATIENT-BASED SELECTION
OF A PROCEDURE
STRATEGY
Arrial fibrillation literature is plagued
with confusing, reiterative, and contra-
dictory information regarding the
relative merits of different ablation strat-
egies. A reasonable aspiration would
be to find the right procedure for each
patient. Several groups have attempred
a stepwise approach to ablation thar
minimizes complications and delivers
only the necessary lesions. It seems
reasonable to attempt pulmonary vein
isolation in young patients with normal
hearts and paroxysmal atrial fibrilla-
tion while possibly using more extensive
ablations in patients with chronic atrial
fibrillation or structural heart disease.
However, the patient’s epidemiological
anaromical characteristics may not be
the sole determinants of the response o

1. Patients’ expectations: symptom relief, freedom from anticoagulation,
freedom from antiarrhythmic therapy, resolution of tachycardia-induced

myopathy

2. Failure of prior antiarrhythmic therapy or pricr procedures

W

. Pattern of atrial fibrillation: paroxysmal vs. chronic

4. Presence of structural heart disease: left atrial size, left ventricular
dysfunction, hypertrophic cardiomyopathy

5. Duration of atrial fibrillation

Table 2. Relevant factors in patient selection for ablation of atrial fibrillation.
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Figure 3. Adjunctive role of cardiac imaging guiding ablation of atrial fibrillation.
Left: Real-time three-dimensional reconstruction of left airial geometry (gray),
pulmonary veins (green), and left atrial appendage (blue). Yellow dots mark

locations of radiofrequency ablation.

Right: Three-dimensional rendering of the patient’s left atrium by CT scan.

ablation. Oral et al. and Jais et al. have
reported on the efficacy of guiding the
number and extent of ablarion lesions
based on mapping characteristics'’
and inducibility'® of atrial fibrillation,

respectively.

PATIENT SELECTION
Although initial reports of atrial fibril-
lation ablation included patients with
paroxysmal acrial fibrillation, our use

of the procedure has been expanded
to patients with chronic forms of atrial
fibrillation—both persistent (those that
do not revert to sinus thythm spontane-
ously and require chemical or electrical

cardioversion)and permanent (refractory
to cardioversion). Table 2 lists impor-
tant factors to consider when indicating
the procedure. It is critical to discuss
realistic expectations with the patient
before embarking on a long procedure
that has significant risks. Acrial fibril-
lation impacts patients’ health because
of a) symptoms of palpitations due w
unpleasant irregularly irregular rapid
beats, b) risk of thromboembolism,
and ¢) tachycardia-induced myopathy
or worsening of heart failure.

At this point, the literature solidly
supports that symptoms of atrial fibril-
lation can be ameliorated by ablation.

Complications of atrial fibrillation ablation

* Tamponade (~1%)

TiA/Stroke (~0.5 — 1%)
Atrio-esophageal fistula (~0.01%)
* Phrenic nerve paralysis (~0.1%)

* Pulmonary vein stenosis (~0.5%)})

= Laryngeal nerve paralysis

* Vascular access complications
(~0.5-1%)

» Gastroparesis

Table 3. Complications of atrial fibrillation ablation.

Observational data support that discon-
tinuation of anticoagulation can be
safe in younger patients with =2 risk
factors for stroke,'” but this remains to
be confirmed. At this point, performing
an ablation with the promise of warfa-
rin discontinuation in high-risk patients
does not seem prudent. Similarly,
improvement of left ventricular (LV)
function has been reported in patients
with heart failure and atrial fibrilladon
subjected to ablation. However, this has
10 be confirmed in larger trials, and it
remains to be proven that catheter abla-
tion is indicated in parients with artrial
fibrillation and heart failure for che sole
purpose o imptrove their IV function.
In general, most ablations are
performed in patients who have failed
prior antiarrhythmic therapy since this
is often a reasonable and safe first-line
therapy for arrial fibrillarion. Many
patients exhibit bouts of atrial fibrilla-
tion in the first two 1o three months
post-procedure; while these bours often
resolve,
therapy is frequently required and is
most acceptable if patients have been
exposed to it prior to the procedure.
Although initial strategies were more

temporary antiarrhythmic

effective in paroxysmal forms of atrial
fibrillation, ablation of chronic arrial
fibrillation can now achieve comparable
cure rates,”

Structural heart disease is not an
independent predictor of ablation
failure in published reporis. The feasi-
bility and efficacy of ablation in patients
with significant LV dysfunction has
been reported. However, padents in
this study did not have severe left atrial
enlargement. Indeed, a left atrium
diameter <55mm has been associared
with greater chances of ablation success,
while the presence of left atrial scar-
ring has been associated with decreased
success. Longer duration of chronic
atrial fibrillation may also be associated
with decreased success raes,

Severe comorbidities, presence of
multiple risk factors for stroke, severe
attial enlargement, valvular acrial fibril-
lation, and the inability to take warfarin
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for three months after the procedure are
accepted contraindicarions.

CHALLENGES, RE-DO
PROCEDURES AND
COMPLICATIONS
In any of its vatiants, the reported need
of repeat procedures is about 30-50%
due to recurrences or failures. There

is a delicate balance between provid-
ing adequate lesions to achieve the
desired procedural endpoint while also
avoiding unnecessary lesions. Further
understanding of the individual mech-
anisms of atrial fibrillation should
help delineate the right approach for
each patient.

Complications are listed in Table 3.
Some can be sericus and even lethal.
While some are linked to the unavoid-
able fact that lesions are created in
thin atrial tissue in the presence of
heavy anticoagulation (e.g. tampon-
ade), others, such as atrio-esophageal
fistula and pulmonary vein stenosis, are
preventable if the operator is cognizant
of the anatomical relationships of the
atria and avoids making lesions near
the esophagus or deep inside pulmo-
nary veins.

At this point, catheter ablation
demands a high level of skill and
training, carries a substantial risk
of complications, and often requires
multiple procedures to achieve results
comparable to published data. However,
these results remain superior to any anti-
arrhythmic therapy available. Future
developments are likely to solidify the
role of catheter ablation in the treatment
hierarchy for atrial fibrillation.

REFERENCES
I Fuster V, Ryden LE, Cannom DS, et al.;
American College of Cardislogy/American

Heart Association Task Force on Practice
Guidelines; Eurapean Society of Cardiology
Cammittee for Practice Guidelines; Euro-
pean Heart Rbythm Association; Heart
Rhythm Society. ACCIAHA/ESC 2006
Guidelines for the Management of Patients
with Atrial Fibriflation: a report of the
American College of Cardiology/dmerican

JMDHC | 111 (2) 2007

ta

10.

11

Heart Association Task Force on Practice
Guidelines and the European Society of
Cardiology Committee for Practice Guide-
lines (Whiting Committee to Revise the
2001 Guidelines for the Management of
Patients With Atrial Fibrillation): devel-
oped in collaboration with the European
Heart Rbythm Association and the Heart
Rhythm Society. Circulution. 2006:114;
e257-354.

Prinzmetal M, Corday E. Brill IC, ez al.
Mechanism of the auricular arrhythmias.
Circulation. 1950;1:241-245.

Moe GK Abildskov [A. Atrial fibrilla-
tion ds a self-sustaining arrbythmia inde-
pendent of focal discharge. Am Hearr [.
1959;58:59-70.

Haissaguerre M, Jais P, Shab DC, et al.
Spontaneous initiation of arrial fibrillation
by ectopic beats ariginating in the pulmonary
veins. N Engl | Med. 1998:339.:659-660.
Jalife ], Berenfeld O, Mansour M. Mother
rosors and fibrillatory conduction: a mecha-
nism of atvial fibrillation. Cardiovasc Res.
2002;54:204-2106.

Chou CC, Nibei M, Zhou S, et al. Intra-
cellular calcium dynamics and anisorro-
pic reentry in ssolated canine pulmonary
veins and left arrium.  Circulation.
2005;111:2889-2897.

Arora R, Verheule S, Scott L, et al. Arvhyth-
mogenic substrate of the pubmonary veins
assessed by high-vesolution optical mapping.
Circularion. 2003;107:1816-1821.

Cox JL. Cardiac surgery for arrhythmias.
] Cardievasc Electrophysiol. 2004:15:
250-262.

Haissaguerre M, Shah DC, Jais P, Clementy
| Role of catheter ablution for atrial fibrilla-
tion. Curr Opin Cardiol. 1997:12:18-23.
Marine JE, Dong J. Calkins H. Catheter
ablation therapy for atrial fibrillation. Prog
Cardiovase Dis. 2005;48:178-192.
Pappone C, Oreto G, Rosanio S, et al. Atrial
electroanatomic remodeling after circumfer-
ential radiofrequency pulmonary vein abla-
tion: efficacy of an anatomic approach in a
large cobort of patients with atrial fibrilla-
rion. Circulation. 2001;104:2539-2544.

. Oral H, Scharf C, Chugh A, er al. Cath-

eter ablation for paroxysmal atrial fibril-
lation: segmental pulmonary vein ostial

ablation versus left atrial ablation. Circu-

13.

14,

15.

I6.

Iz

18.

19.

20.

lation. 2003;108:2353-2360.

Karch MR, Zrenner B, Deisenhofer I, et
al. Freedom from atrial tachyarrhythmias
after catheter ablation of arvial fibrilla-
tion: a randomized comparison between
2 current ablation strategies. Circulation,
2005;111:2875-2880.

Kanj MH, Wazni OM, Natale A. How
to do circular mapping catheter-guided
pulmonary vein antrum isolation: the
Cleveland Clinic approach. Heart Rhythm,
2006:3:866-869.

Pappone C, Santinelli V, Manguso F, et al.
Pulmonary vein denervation enbances long-
term benefit after civcumferential ablation
for paroxysmal atrial fibrillation. Cireula-
tion. 2004;109:327-334.

Nademanee K, McKenzie [, Kosar E, et
al. A new approach for catheter ablation of
atrial fibrillation: mapping of the electro-
physiologic substrare. | Am Coll Cardiol.
2004;43:2044-2033.

Oral H, Chugh A, Good E, et al. A
tailored approach to catheter ablation of
paroxysmal atrial fibriflation. Circulation.
2006;113:1824-1831,

Jais P, O'Neill MD, Takabashi Y, et al.
Stepwise catheter ablation of chronic arrial
fibrillation: importance of discrete anatomic
sites for termination. | Cardiovasc Elecrro-
physial. 200617 Suppl 3:528-36.

Oral H, Chugh A, Ozaydin M, er al.
Risk of thromboembolic events after pereu-
taneous left atrial vadiofrequency abla-
tion of atrial fibrillation. Circulation.
2006;114:759-763.

Oral H, Pappone C. Chugh A, er al.
Circumferential pulmonary-vein ablation
Jor chronic arrial fibrillation. N Engl |
Med. 2006;354:934-941,




