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Figure 1

Anatomy of muscle fibers in the left atrium and their
extension into the pulmonary veins, where they form
distinct muscular fascicles. Modified on [16].

Pathophysiological background

Introduction

Atrial fibrillation (AF) is the most common
sustained arrhythmia in adults affecting
about 6% of the population over the age of 60
[1]. About 25% of ischaemic strokes result from
cardiac emboli due to atrial fibrillation [2]. In
addition, young patients and even teenagers
may suffer from AF, which leads to exercise
intolerance, palpitations and dyspnea. The
pathophysiologic consequences of AF are a loss
of rate adaptation, atrioventricular synchrony
and irregular ventricular filling, which can
cause a cardiomyopathy over time. Many the-
ories have been proposed for the pathophysio-
logical basis of AF [3], partly derived from com-
puter models [4] and later demonstrated in
vivo [5], involving multiple wavelets [6], rotors

e iy
o ]

s -.&'t?l

e )

Continuous medical education

Catheter ablation

for atrial fibrillation:
pathophysiology, techniques,
results and current indications

and a critical mass [7]. These models led to the
development of the surgical MAZE operation
[8]. However, this operation requires open
heart surgery and did not gain widespread
popularity for patients with lone atrial fibril-
lation. The greatest step towards a cure of AF
came from an observation published by Hais-
saguerre et al. in their landmark publication
in 1998 [9]. Paroxysmal AF turned out to be
of focal origin, initiated by triggers in the pul-
monary veins (PV’s), which could be success-
fully treated by delivery of radiofrequency en-
ergy (RF). The anatomical substrate of these
triggers are PV fascicles, which are muscular
sleeves extending from the left atrium (LA)
around the PV’s in longitudinal and circular
fashion (fig. 1) [10]. They exhibit distinct elec-
trophysiological properties [11] allowing very
rapid firing (pulmonary vein tachycardia [12]),
which itself either leads to fibrillatory conduc-
tion into the LA or electrical remodelling fa-
cilitating sustained fibrillation [13]. Instead of
targeting only active triggers inside the veins,
the therapeutic strategy evolved to achieve a
complete electrical isolation of all PV’s by
means of ablation of all fascicles [14, 15]. The
pathophysiological basis and the evolution of
current techniques are described in detail in
the following section.

The electrophysiology

of the pulmonary veins

As opposed to smooth muscle, striated muscle
in the PV’s (the same as in the atria) is known
to be electrically active [17]. In the form of a
muscular sleeve, this myocardium is proxi-
mally continuous with the LA and distally
peters out within a couple of centimeters of
the veno-atrial junction or in proximity to the
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first order branches. Accordingly, activation in
sinus rhythm enters from the veno-atrial junc-
tion and dies out distally resembling a dead
end (cul-de-sac) while during ectopy originat-
ing from a particular vein, venous activation
precedes adjacent atrial activation. Changing
fiber direction, fibrosis and the pathological
effects of left heart disease result in delayed
activation in this tissue [18]. The recent intro-
duction of preshaped circular mapping cath-
eters designed to sit at the ostia of the PV’s
has shown that activation of the veins is asym-
metrical rather than symmetrical. Specific
segments of the circumference are therefore
activated earlier followed by the rest of the
tissue [19].

The electrophysiological properties of the
PV myocardium have only recently begun to be
studied. Decremental conduction in both direc-
tions has been demonstrated: From the LA to
the veins as well as vice versa although the
exact site of slow conduction has not yet been
documented. Evidence of interconnected PV’s
has recently been presented, suggesting an
underlying variability that may be related to
anatomy — a near common ostium or very close
ostia [20]. There is evidence to suggest hetero-
geneity of refractoriness in the PV’s and
shorter refractory periods distal to the veno-
atrial junction [11]. Whether this reflects
accentuated electrophysiological remodeling
or is a more causal element in arrhythmogen-
esis remains to be determined. These condi-
tions make the veno-atrial junction a ripe sub-
strate for reentry. Analysis of recordings from
culprit PV’s during initiation of a paroxysm of
AF suggest at least two distinct phases. The
earliest activation is probably the result of
abnormal impulse generation and repetitive
activation in the same pattern can follow for a
few more beats (at short intervals at about 200
ms) after which activation sequences become
difficult or impossible to follow because of frac-
tionation and continuous and / or changing ac-
tivation. An intermediate phase is compatible
with reentry within the PV which may then
spread or move to the veno-atrial junction and
then involve the LA. Non-pulmonary foci from
other great veins or the atrial myocardium
may play similar roles, particularly in patients
with more persistent AF.

The above account describes the mecha-
nism of AF as a reentrant maintenance mech-
anism coupled with a distinct initiator origi-
nating nearly always from the PV’s or their os-
tia. It is likely that the veno-atrial junction and
the myocardium in the veins are also involved
in the maintenance of AF [21].
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The veno-atrial junction

Anatomically as well as histologically, the
veno-atrial junction cannot be distinguished
from surrounding myocardium — there is no
demarcation of transition from the LA into the
veins. Commonly, the change in diameter has
been used to designate the veno-atrial junc-
tion.

The choice of the level of isolation of the PV
myocardium has an impact on the amount of
myocardium isolated from the LA and may af-
fect success rates after catheter ablation. The
level of ablation is commonly accepted to be the
ostium of the PV’s, but has not been precisely
defined.

Though the optimum level of PV isolation
is not known, it is clear that in the presence of
ectopy or nonsustained arrhythmias it should
be proximal (on the LA side) to their earliest
activation. In the absence of arrhythmias or
with sustained AF, an arbitrary designation of
the level of ablation such as diameter change
has to be accepted. Some groups target the
morphologic definition given above and sup-
plement this by eliminating fractionated
potentials in the vicinity. Though there is not
much data available to decide the extent of iso-
lation required, an analysis of surgical experi-
ence suggests that the best results in curing
AF have been achieved using procedures
which isolate all four PV’s together with a cuff
of posterior LA tissue, with a fall off in cure
rates when the PV’s are isolated two by two or
individually [22, 23].

Techniques and results
of atrial fibrillation ablation

Mapping guided ablation

of of the pulmonary veins

A minority of patients with AF has frequent
nonsustained arrhythmias, such as isolated
ectopy and runs of atrial tachycardia, which
initiate short paroxysms of AF. The iterative
and beat to beat reproducible activity charac-
teristics of ectopy and atrial tachycardia allow
to trace it back to its source [24]. Being typi-
cally located at or within the PV ostium, the
precise site of origin can be targeted or a whole
sleeve of myocardium (including the site of ori-
gin) can be isolated from the LA without hav-
ing to perform detailed and delicate mapping.
The latter procedure is called PV isolation.
Lately, the practical difficulties of mapping the
precise source within a PV have been bypassed
by performing isolation of all four PV’s. This is
facilitated by the fact that the myocardium
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within the veins serves no clinically dis-
cernible function and justified by the very
frequent participation of multiple PV’s.

The asymmetrical activation of PV ostia
allows sites of early activation (considered “in-
puts” into the PV) [19] to be preferentially tar-
geted, eventually eliminating all PV activation
distal to the level of ablation. A minority of PV’s
exhibit evidence of more than two distinct
zones of veno-atrial connections and in all
about 50% of PV’s can be disconnected by ab-
lation limited to half or less of their circum-
ference, though this depends on the level of
ablation (lesser ablation is required more dis-
tally — towards the lungs). This is important
because the presently available technology
allows the creation of larger or longer le-
sions only by the confluence of multiple small
ones.

An alternative technique relies upon cre-
ating a circle of closely spaced ablation lesions
anatomically around each PV orifice without
reference to the sequence of electrical activa-
tion [25]. Specific technology permitting pre-
cise localisation of the catheter tip in 3 dimen-
sions within the LA anatomy is required; in
general more extensive and more atrial (prox-
1imal) ablations are produced compared to the
electrophysiologically guided technique.

Complications of PV ablation

Thromboembolic events are common to abla-
tion or catheter based interventions within
the left heart and can be minimised by screen-
ing for pre-existing thrombi using trans-
esophageal echocardiography (TEE) as well as
proper anticoagulation before, during and
after the procedure. On the other hand, PV
stenosis 1s a complication specifically linked to
ablation. As a result of their limited diameters,
the tissue response to radiofrequency (RF)
energy delivered on the PV wall can result in
luminal encroachment with haemodynamic
consequences. Segmental or unilateral pul-
monary edema and even venous pulmonary
infarction have been described as a result of
severe PV stenosis or occlusion — frequently of
more than one vein [26, 27]. It’'s well known,
that heat fixing the coronary arteries produced
an unacceptably high incidence of stenosis
(restenosis, in fact), and though the venous
structure is clearly distinct, experimental
studies support the role of RF energy gener-
ated tissue heating being responsible for PV
stenosis [28]. Serial angiographic follow-up
suggests that mild to moderate (=50%) steno-
sis frequently improves or disappears over a
period of days. Such narrowing and subse-
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quent improvement may reflect the impact of
edema and inflammation, with more severe
stenosis presumably caused by greater and
irreversible tissue heating on vessel wall pro-
teins, a “heat shrink” like effect [29]. In some
cases, intermediate or long term progression of
PV stenosis does occur. Higher RF power and
more extensive ablation seem to favor steno-
sis. Distal ablation also seems to increase the
risk of stenosis. One study also found a pre-
dominance of left inferior PV stenosis which
may have been the result of unrecognized
ablation distally within this vein [30].

In recent series, PV stenosis occurred in
about 1.5% of patients [30, 31], though earlier
reports described a higher incidence (up to
40%). Diameter narrowing more than 50% and
a mean gradient of more than 5 mm Hg may
be considered significant; however it is the
presence of effort dyspnea, pulmonary hyper-
tension, haemoptysis, or symptoms at rest
which should prompt consideration of reliev-
ing the stenosis. Balloon dilatation can provide
some improvement, however, restenosis is
likely. It is not clear whether stent implanta-
tion provides any additional benefit [31]. Sur-
gical reimplantation of the PV’s may have to
be considered in the event of restenosis or com-
plete occlusion.

PV isolation may also create large zones of
unexcitable tissue (ablated ostia) which could
then serve as central obstacles for reentrant
circuits. It follows, therefore, that larger obsta-
cles favour more stable reentry by providing a
longer conduction time around it; however,
zones of slow conduction may stabilise even
small reentrant circuits. In practice, 7-18% of
patients undergoing catheter ablation for AF
develop sustained monomorphic reentrant left
atrial tachycardias requiring repeat ablation if
other measures fail.

Results of mapping-guided PV isolation

(and supplementary linear LA ablation

in selected patients)

Presently, the overall results of catheter isola-
tion of the PV’s are distinctly better for parox-
ysmal than for persistent or permanent AF.
Surveys of various electrophysiology laborato-
ries around the world suggest that the best
results correlate with increasing experience
and patient volumes. Different EP laborato-
ries have evolved towards specific variations
on the main theme of neutralizing PV arrhyth-
mogenicity. At the University hospital in
Geneva 143 patients have undergone curative
catheter ablation for AF using this technique.
The results of the first 83 patients who have
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Figure 2
Anatomical circumferential ablation around the pulmonary veins (PV's) using a non-
fluoroscopic navigation system.
LS = left superior PV, RS = right superior PV; LI = left inferior PV, Rl = right inferior PV;
RM = right middle PV; LAA = left atrial appendage; M = mitral annulus.

Mitral isthmus line

been followed up for more than 6 months (at
the time of writing) are presented below.

These patients all had AF resistant to mul-
tiple antiarrhythmic drugs. Their mean age
was 55 + 9 years, and 17 were female, 61 pa-
tients had paroxysmal and 22 had persistent
or permanent AF. Only six had structural
heart disease. Many patients had undergone
external cardioversion and six patients had a
history of an embolic cerebrovascular event.

All patients underwent isolation of all the
PV’s using irrigated tip radiofrequency (RF)
catheters and circumferential mapping. Sup-
plementary ablation of the cavotricuspid isth-
mus was performed in patients with a history
or evidence of typical atrial flutter. Patients
with persistent AF or others in whom AF
persisted despite successful and complete PV
isolation underwent additional linear ablation
(n = 21) in the LA performed as a series of le-
sions that joined the left PV ostia to the right
PV ostia and from the left PV ostia down to the
posterolateral mitral annulus. The electro-
physiologic consequences of the linear lesion
(the presence of complete conduction block)
was assessed by double potential mapping, dif-
ferential pacing as well as 3D electroanatomic
mapping.

After 1.3 procedures per patient (for recur-
rences of AF as well as for ablation of macro-
reentry) and a follow-up of 15 + 8 months
(range 6—28 months), 88% of patients are in
stable sinus rhythm without treatment with
antiarrhythmic drugs. The mean procedure
duration was 190 minutes (fluoroscopy: 57
minutes), and RF delivery time was 42 min-
utes. One patient developed tamponade after
the procedure (drained percutaneously), an-
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other developed a reversible cerebrovascular
embolic event, and 2 patients developed PV
stenosis (no treatment required). The subset of
patients with paroxysmal AF did better than
those with persistent or permanent AF: 92%
success for paroxysmal AF after 1.2 procedures
per patient vs 82% for persistent AF (after 1.57
procedures per patient).

Circumferential left atrial ablation

Soon after the initial success with PV ablation,
an anatomical LA ablation technique was de-
veloped [32]. Using a nonfluoroscopic naviga-
tion system (Carto®), a model of the LA is cre-
ated and ablation lines drawn in circles around
the PV’s [33] (fig. 2). The distance of 1-2 cm to
the PV ostium should prevent post ablation
PV narrowing, which can be asymptomatic
and discrete, but has also been reported to be
significant after ostial PV isolation [30]. In
addition, the method has the advantage of in-
cluding roughly 25% of LA surface within the
circles thereby reducing the electric con-
tinuum of the atrial substrate [34].

To prevent potential proarrhythmic effects
of the ablation circles, such as atrial flutter
around the PV’s or the mitral valve, additional
connecting lines are drawn along the posterior
aspect of the roof and from the left inferior PV
to the mitral isthmus. The success rate of this
technique has been over 85% in paroxysmal AF
[25] and has been shown to be superior to seg-
mental isolation of the PV at the ostium itself
in one study [35]. The greater success rate may
be a result of a more extensive modification of
the LA substrate [34] and incorporation of trig-
gers outside the PV ostium into the ablation
circles [36]. It should be kept in mind, however,
that ablation procedures in the LA are an
invasive therapy with potentially deleterious
complications such as cardiac tamponade,
stroke or even oesophageal fistula, which have
been reported in 2 patients [37]. Therefore, the
maximum power delivery at the posterior LA
wall has to be reduced. The risk of thrombo-
embolic events can be kept at an acceptable
level (<1%) by full anticoagulation during and
after the intervention. After all, as in all inva-
sive procedures, complication rates depend on
operator’s experience.

Results of circumferential left atrial ablation

At the University hospital in Zurich over 30
patients have been treated with circumferen-
tial left atrial ablation for AF since september
2003. Patients with paroxysmal (n = 17) as
well as persistent AF (n=13) and patients with
structural heart disease (coronary artery dis-

56



Continuous medical education

ease [CAD, n = 2], restrictive cardiomyopathy
[n=1] and tachycardiomyopathy with ejection
fraction <40% [n = 4]) were treated. The mean
age was b5 = 11 years (range 39—78). The mean
total procedure time has been 2.5 = 0.6 hours
with a total fluoroscopy time of 20 + 9 min.
There were no procedure related complica-
tions. Follow-up over 3 months is available for
20 patients with a success rate of 77% in per-
sistent and 85% in paroxysmal AF. Patients
with symptomatic recurrence of AF undergo a
redo procedure aimed at residual foci with use
of Lasso technique. Residual triggers generat-
ing AF have been ablated at the PV ostia, at
the mitral annulus and in the right atrium at
the crista terminalis and in the superior vena
cava.

Combined approaches

Generally, it can be said that techniques for AF
ablation are increasingly merging towards a
similar approach: the results of pulmonary
vein ablation have been enhanced by linear ab-
lations in the left atrium, between the veins
and to the mitral annulus using the Carto® sys-
tem [38]. Likewise, if the circumferential left
atrial ablation does not eliminate all triggers
of AF, an additional specific ablation for re-
maining fascicles using the Lasso technique
(PV isolation) can be very effective to enhance
the treatment success. A combination of differ-
ent techniques specifically tailored to the dif-
ferent causes of AF in the individual patient
may be the best way to cure this heterogeneous
arrhythmia.

A combined approach has been used in
Berne since 2001. To date, 45 patients have un-
dergone curative catheter ablation of AF. In all
patients, AF was highly symptomatic and in
all but two patients resistant to multiple
antiarrhythmic drug therapies. The patients
mean age was 55.7 + 9 (range 29-73) years.
AF was paroxysmal in 33 patients (76%), per-
sistent in 7 patients (15%) and permanent in
4 patients (9%). In all patients, TEE was per-
formed immediately prior to ablation to rule
out preexisting LA thrombus. Cavotricuspid
ablation was done only in patients with docu-
mented typical atrial flutter. All patients were
kept on anticoagulant therapy for at least 3
months after the procedure.

PV isolation was done in 33 patients and
linear ablation with a nonfluoroscopic map-
ping system (Carto®) in 12 patients. In one pa-
tient, TEE prior to ablation detected a LA
thrombus in the appendage despite correct
therapeutic anticoagulant therapy. Catheter
ablation was successfully done after 3 addi-
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tional months of anticoagulation and exclusion
of a LA thrombus by TEE. Over all, the success
rate i1s 62% (34 out of 45 patients) with the
longest freedom of AF for 41 months. One pa-
tient with very frequent paroxysms of AF and
a history of recurrent syncope (documented si-
nus arrests lasting 5-22 seconds after sponta-
neous conversion of paroxysmal AF without
any antiarrhythmic drug therapy) was with-
held from pacemaker therapy, and ablated
curatively, instead. After ablation, sinus node
function improved dramatically. Another pa-
tient had been referred for AV-node ablation
and pacing because of AF induced tachycar-
diomyopathy. He improved and returned to
work after ablation of permanent AF. One
patient experienced cardiac tamponade which
could be successfully drained. In one patient,
asymptomatic PV stenosis of less than 50% of
diameter was found. We are not aware of any
other procedure related complications.

Indications for radiofrequency
ablation of atrial fibrillation

Currently accepted indications

(demonstrated benefit in recent studies)

— paroxysmal or persistent AF with symp-
toms (palpitations, fatigue, dyspnea,
malaise) despite antiarrhythmic medica-
tion [14, 15, 39]

— persistent or paroxysmal AF associated
with heart failure [40], especially in pa-
tients with poor rate control or side effects
on medication (i.e. hypotension)

— patients with immediate recurrence of AF
(IRAF) after cardioversion (indicates active
triggers in the PV’s [41])

— note: presence of structural heart disease
such as CAD, hypertension, dilative car-
diomyopathy or moderate LA dilatation
does not preclude ablation of AF anymore
[39, 40]

Possible indications (risk/benefit ratio of

ablation has to be weighted individually,

no studies available yet)

— paroxysmal AF in physically active or
young patients who do not want to take
medications (especially vagotonic AF with
sinus bradycardia)

— persistent AF in young patients

— patients with severe dilatation of the LA

No indication
— patients with AF caused by reversible dis-
eases such as hyperthyroidism, pericardi-
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tis, postoperative AF or related to exacerba-
tion of congestive heart failure

— patients with significant mitral valve dis-
ease with indication for cardiac surgery (in-
traoperative ablation or MAZE should be
considered)

— patients with advanced age and indication
for cardiac pacemaker (AV block); in these
patients AV-nodal ablation would be a suit-
able alternative

Contra-indications for catheter-based

ablation of atrial fibrillation

— 1nability to tolerate intra- and postproce-
dural anticoagulation

— thrombus in the LA (at least 3 weeks anti-
coagulation and repeated TEE required)

— 1nadequate anticoagulation in the last 3
weeks in persistent AF (in this case a
thrombus has to be ruled out by TEE)

— 1nability to perform transseptal puncture
(i.e. closure device for patent foramen ovale)

— pregnancy

— contra-indications for venous access from
the groin (current venous thrombosis,
Greenfield filter, infections)

Management after the ablation
procedure

Antiarrhythmic treatment

and evaluation of success

During the past years, it has become apparent
that the treatment effect of AF ablation can be
delayed for several months (3 up to 12 months
[34]). This implies that during the first months
after ablation, recurrence of AF is common and
not an indicator of poor long-term success [42].
This may be due to the reversal process of elec-
trical and anatomical remodelling, decrease of
LA size [30] and scarring effects of RF lesions.
On the other hand, recurrence of conduction
into previously isolated PV’s has been demon-
strated in a considerable proportion of patients
[43]. Therefore, the interpretation of the evo-
lution since the procedure is critical to assess
treatment success: A decrease in AF burden
might indicate a delayed success whereas an
increase might indicate recurrence of conduc-
tion. In order to facilitate the reversal of elec-
tric remodelling the continuation of a previ-
ously well tolerated antiarrhythmic is pre-
scribed by some groups. Once the postinter-
ventional period is over and the patient is
weaned from antiarrhythmics, a longer ECG
recording, preferably with an event recorder
might be performed in order to detect episodes
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of silent AF. After extensive LA ablation and
denervation, AF sometimes becomes asympto-
matic though still present, which has impor-
tant implications for anticoagulation.

Anticoagulation

During and after the procedure patients
should be fully anticoagulated and given low
molecular heparin until a therapeutic level
of anticoagulation (INR >2) is reached. The
latter has eliminated the occurrence of tran-
sient or persistent ischaemic cerebrovascular
events in a cohort of patients [15, 44] which
result from the extensive surface of ablated
tissue in contact with the systemic circulation.
Once these lesions are endothelised and the
patient is in stable sinus rhythm the question
arises when to stop anticoagulation. For many
patients the goal of the ablation procedure has
also been to eliminate the need for long-term
anticoagulation. Unfortunately, no prospec-
tive data have been published regarding this
issue. Current practice is to continue anticoag-
ulation for 3 to 6 months and then switch to
aspirin in the absence of additional risk factors
(hypertension, history of stroke, severe LA
dilatation, age over 70). In the presence of risk
factors, anticoagulation might only be stopped
if evidence of effective atrial contraction is
available on echocardiogram. As some patients
might have recurrence of any other forms of
atrial arrhythmias the continuation of aspirin
is strongly recommended in all patients. It has
to be emphasized that there is no gold-stan-
dard to assess freedom of AF. Numerous AF
studies indicate that the incidence of “silent”
episodes is up to 70% [45]. This might be one
reason for an increased rate of stroke despite
antiarrhythmic medication in recent multi-
center trials [46, 47]. On the other hand, the
patients with symptomatic AF referred for
ablation are usually very sensitive to their
rhythm and silent AF has been found in only
2% after PV isolation [48]. Generally, patients
should be treated according to the guidelines
of the American and European Heart Associa-
tions [49, 50].

Suggested follow-up

after ablation of atrial fibrillation

The following suggestions are based on current
practice. They vary from patient to patient and
between centers.

Anticoagulation

— keep anticoagulation therapeutic (INR >2)
for at least 3 months in all patients

— after 3 to 6 months an individualised
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approach depending on patient’s risk of
stroke is recommended:

— Low risk patients can be switched to aspirin
if stable sinus rhythm is documented
for one week on an event recorder or the
patient can reliably tell the difference be-
tween sinus rhythm and AF and does not
report any such symptoms.

— Intermediate risk patients should be anti-
coagulated for at least 6 months. If stable
sinus rhythm is documented on a seven-day
event recorder and evidence of atrial con-
traction 1is present on echocardiogram,
these patients may be switched to aspirin,
but no prospective data have been pub-
lished for these patients.

— High risk patients should be kept on anti-
coagulation. It should be kept in mind that
the ablation procedure has not been shown
to prevent embolic events. Anticoagulation
should be continued if a patient has silent
(asymptomatic) AF.

The risk stratification for development of car-
diac emboli due to AF after ablation is based
on the guidelines for treatment of AF [49]:

Low risk: lone intermittent AF, age below
60, no hypertension, no diabetes, a normal
atrial size, no history of an embolic event.

Intermediate risk: persistent AF, age below
60, normal sized atria.

High risk: enlarged atria, previous embolic
event (ie transient ischaemic attack), persist-
ent or silent AF, age over 60, hypertension or
diabetes.

Antiarrhythmic drugs

In order to facilitate reversal of electric remod-
elling, previous effective antiarrhythmics
have been advised for 1-2 months after the ab-
lation procedure, perhaps depending on in-
ducibility of AF at the end of the procedure.
These recommendations have to be individu-
alised. A beta-blocker is frequently prescribed
to prevent the development of a rapid ventric-
ular response in case of atrial flutter.
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