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Atrial fibrillation (AF) is a common and harmful arrhythmia. Its complex pathogenesis
can be outlined using Coumel’s Triangle, that considers at the base of AF three differ-
ent factors: substrate, trigger, and catalyst factor. The triangle can serve as a guide to

understand the mechanism of action of the different possible treatments. Anti-ar-
rhythmic drug therapies have a modest efficacy and no proven benefit on prognosis.
Interventional therapy is more effective, especially if employed in the first stages of
the disease, and can reduce mortality in selected populations. Ablative schemes
must be different depending on the type of AF (paroxysmal, persistent) and the pres-
ence or absence of atrial dilation.

Atrial fibrillation (AF) is the most common arrhythmia in
Western world. Its prevalence has grown over the years,
probably for the increasing ageing of general population.

Once regarded as a benign arrhythmia, it is now consid-
ered harmful not only for thromboembolic risk, but also
for symptoms, quality of life, hospitalization rate, cogni-
tive impairment," and risk of death.?

Atrial fibrillation mechanism

The main electrophysiological concepts at its base can be
outlined using Coumel’s Triangle (Figure 1). Originally, it
was created to analyse ventricular fibrillation. The triangle’s
vertexes are substrate, trigger, and catalyst agent: AF is
caused by a trigger event that acts on a vulnerable substrate;
their interaction can be facilitated by a catalyst agent.

The most important anatomic substrate is atrial dila-
tion: volume augmentation creates non-homogenous fi-
brotic zones that facilitate re-entry. Dilation extent is
correlated to the concomitant disease: mild dilation in
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hypertension, more severe, for example, in mitral valve
disease or hypertrophic cardiomyopathy.

The trigger event is normally an extra beat, which must
have peculiar characteristics to trigger AF. The more pre-
mature and repetitive the extra beats, the more likely is
arrhythmia induction. Wall stretching associated with
dilation promotes extra beats, more frequently where
myocardial sleeves enter the venous system, mainly pul-
monary veins, but also superior vena cava.

Autonomic system and other factors (illicit drugs, thy-
roid hormone) can act on both substrate and trigger as a
catalyst, modifying refractory periods, and increasing
automatic activity.

Trigger, substrate, and catalyst are not static entities.
They can evolve with the progression of a concomitant
cardiopathy, and with prolonged exposure to AF.

The substrate can be deeply modified by AF itself. In
1995, Allessie demonstrated that AF begets AF® with a
beautiful experiment on an animal model. He used goats,
that have a relatively small atrium, and consequently a
low vulnerability to AF.

He artificially created AF pacing with a cycle length ran-
ging from 80 to 100 ms for a variable amount of time. Then
he performed burst pacing, to induce atrial fibrillation.
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Figure 1 Coumel’s Triangle.
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Figure 2 Examples of different patterns of AF. Left panel (A S): The atrial activation is regular in the lateral and posterior wall in the right atrium and in the
CS, with a definite single electrogram. The activation sequence is clearly craniocaudal in the RL wall. The septal region, both right (especially mid and low) and
left, shows disorganized atrial activity with double, fragmented electrograms. Middle left panel (B RP, S): Atrial activation is regular in the lateral wall, where
a craniocaudal sequence is evident, and in the CS. In contrast, the RS, LS, and RP wall show irregular atrial activation with fragmented, double, and
low-amplitude atrial electrograms. Right middle panel (C CS, RP, S): The activation sequence is almost regular in the RL wall, with a craniocaudal sequence,
whereas in the other sites (RP wall, septum, and CS), fragmented and double electrograms are present. Right panel (D): All recording sites show very irregular,
disorganized atrial activation. RAN =right anterior wall; RL=right lateral wall; RPL =right posterolateral wall; RP =right posterior wall; RPS =right poster-
oseptal wall; RS =right septum; RAS =right anteroseptal wall; LHS = left high septum; LMS = left mid septum; LLS = left low septum; DCS = distal coronary
sinus; PCS =proximal coronary sinus; Il =lead Il electrocardiogram; S=septum (both right and left); LS = left septum. Each pair of electrodes of the basket
catheter is identified by a number: 1 =most distal (superior); 4 = most proximal (inferior) on the spline. At the bottom of each panel, a 7-s electrocardiographic
strip is shown; the space between the vertical lines corresponds to the endocavitary signals. Source: Gaita et al.* (Granted Licence no. 5485360497672).
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Induced arrhythmia lasted only seconds in animals previ-
ously stimulated for 24 h, but was sustained in animals sti-
mulated for 2 weeks. That was the demonstration that AF
begets AF. The base of this phenomenon is atrial remodel-
ling due to AF itself: electrical (refractory period shorten-
ing), functional (contractility reduction), and more
important anatomical (increasing of connexin and fibrosis).
One of the first observations of electrical remodelling in
human comes from our group,* showing that electrical ac-
tivity recorded with a basket catheter tends to be faster
and less organized in persistent than in paroxysmal AF.
Notably, the shortest atrial intervals were recorded on in-
teratrial septum and inside pulmonary veins (Figure 2).

Atrial fibrillation treatment

Atrial fibrillation treatment, pharmacologic or interven-
tional, can be addressed on each vertex of Coumel’s
Triangle, individually or on several at the same time.
The most effective target can be different at the different
stages of the disease.

The first instrument employed to treat AF is pharmaco-
logic therapy.

Atrial fibrillation drug treatment started with rhythm
control in 18th century with quinidine, discovered in
1633 for its antipyretic properties, and recognized as an
antiarrhythmic in 1749. Digitalis for rate control came
shortly after. Other antiarrhythmic drugs were synthe-
tized in the last century.

Antiarrhythmic drugs can act on trigger, substrate, and
autonomic tone, and have a variable efficacy in maintain-
ing sinus rhythm, grossly ranging from 50% to 70% after
1 year of treatment. They bear a risk of collateral effects,
some minor and some serious, as torsade de pointes which
ranges from 0.4% to 4.6% of cases. All the studies testing
antiarrhythmic drugs from 2000 to 2009 showed a reduc-
tion of AF episodes, an improvement in quality of life,
but no mortality reduction compared with rate control
therapy. This result can be explained by the proarrhythmic
risk of antiarrhythmic drugs (Table 1).

Due to the relatively low efficacy and to the absence of
mortality reduction, other techniques for the rhythm con-
trol were explored.

The first non-pharmacologic approach was surgical,
aiming to substrate modification, with several incisions
in left and right atrium (the Maze procedure®). The pro-
cedure showed very good results in rhythm control but a
significant number of complications, also related to pro-
longation of the operation time. With the purpose to sim-
plify the procedure, different schemes were tested. Our
group proposed a surgical posterior cryoablation scheme®
consisting in a posterior box including pulmonary veins and
prolonged to the mitral annulus along the septum and
along the left isthmus (Figure 3).

All the patients treated were in permanent AF but the
results were extremely good. Ninety per cent of patients
were in sinus rhythm 1 year after the procedure, and
73% after a very long follow-up of 10 years.”

Surgical procedures proved extremely effective, but
bore significant procedural risk, so many efforts were
made to employ alternative techniques, as transcatheter
ablation. The first attempts of transcatheter ablation
had poor results since, for technical reasons, were limited

Main studies testing antiarrhytmic drugs from 2000 to 2009

Table 1

Patients reaching primary outcome (n)

Primary outcome parameter

Inclusion criteria

Trial

P

Rhytm ctrl

Rate ctrl

70/127 (55.1%) 0.32

76/125 (60.8%)

Symptomatic improvement

Persistent AF (7-360 days)

PIAF (2000)

252 Patients

AFFIRM (2002)

0.08

356/2033 (26.7%)

310/2027 (25.9%)

All-cause mortality

Paroxysmal AF or persistent AF, age >

65 years, or risk of stroke or death
Persistent AF or flutter for <1 year and 1-2 Composite: cardiovascular death, chronic heart failure, severe

4060 Patients

RACE (2002)

0.11

60/266 (22.6%)

44/256 (17.2%)

bleeding, pacemaker implantation, thrombo-embolic events,

severe adverse effects of antiarrhyt. drugs

cardioversions over 2 years and oral

anticoagulation
Persistent AF (>4 weeks and <2 years), LA Composite: overall mortality, cerebrovascular complications, CPR,

522 Patients

0.99

9/100 (9.0%)

10/100 (10.0%)

STAF (2003)

embolic events
Composite: death, thrombo-embolic events; intracranial/major

size >45 mm, CHF NYHA II-1V, LVEF <45%
First clinically overt persistent AF (>7 days

200 Patients
HOT CAFé (2004)

>0.71

4/104 (3.9%)

1/101 (1.0%)

haemorrhage

, symptoms of CHF, history of AF  Cardiovascular death

and <2 years), age 50-75 years

LVEF < 35%

205 Patients

AF-CHF (2008)

0.59

182/1376 (27%)

175/1376 (25%)

(=6 h or DCC < last 6 months)

Paroxysmal AF

1376 Patients
J-RHYTHM (2009)

0.012

64/418 (15.3%)

89/405 (22.0%)

Composite of total mortality, symptomatic cerebral infarction,

systemic embolism, major bleeding, hospitalization for heart

failure, or physical/psychological disability

823 Patients
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Figure 3 A scheme of the surgical lesions created in left atrium in Gaita
et al.® (Granted Licence no. 5485361081525).

to right atrium substrate modification. A slightly better
effect was observed if rapid fractionated potential
were identified and ablated (especially in atrial septum)
and if a post procedural increase in vagal tone was
documented.®

1998 was the pivotal year for transcatheter ablation, re-
lated to two important discoveries: the first is that the ma-
jority of AF triggers come from pulmonary veins’; the
second is creation of an irrigated ablation catheter, with
a lower char formation risk, allowing to ablate in the left
side of the heart. The target then shifted from substrate
to the triggers, and AF transcatheter ablation became a
feasible and relatively easy procedure, with the precise
endpoint of electrical pulmonary vein isolation.

Due to its high effectiveness, superior to pharmacologic
therapy, and its low complication rate, the procedure
spread. An enormous and still growing number of publica-
tion appeared. All the studies performed in the next
20 years confirmed that transcatheter ablation lowers AF
recurrences,'® thus reducing symptoms and improving
quality of life more than drugs, but were not designed to
study effects on mortality. The population studied was
young with no or mild cardiac disease (the most common
comorbidity was hypertension), and had, therefore, a
mortality rate too low to draw any conclusion.

The first study evaluating hard endpoints was CABANA, "
in which a very large number of AF patients (more than
2000) were randomized to radiofrequency ablation vs.
drug therapy, and evaluated in composite endpoint
(death, disabling stroke, serious bleeding, or cardiac ar-
rest) five years after randomization. Although patients in
ablation group had less recurrences and better quality of
life, no statistical difference in primary endpoint was
found in the total population. To understand this result,
we have to consider some limitations of the study: a high
number of crossovers (27%) from drug treatment to abla-
tion was recorded; paroxysmal, persistent, and long-
standing persistent arrhythmias, representing different
stages of arrhythmic disease, with different response to
treatment were enrolled; and, more important, the ma-
jority of patients had just mild cardiopathy, hence with
low mortality rate. When the subgroup of patients with

heart failure was analysed,'? a net benefit in mortality in
ablation patients became evident (hazard ratio 0.57).

This finding is consistent with the CASTLE AF trial,'* de-
signed ad hoc to study AF ablation effects in heart failure
patients: after three years of follow-up mortality was 53%
lower in ablation arm.

Twenty years after the first AF publications, CABANA and
CASTLE AF finally showed that ablative treatment not only
improves symptoms and quality of life, but also reduces
mortality in heart failure patients. As suggested by
Eugene Braunwald, AF and heart failure are the epidemics
of the 21st century. These diseases are strictly intercon-
nected, almost 40% of heart failure patients have AF, and
AF worsens hospitalization rate and mortality in heart fail-
ure patients.™

Despite this result, in 2020 European Society of
Cardiology Guidelines, AF ablation has a Il level of recom-
mendation in heart failure patients, and raises to class |
only in cases of suspected tachycardiomyopathy.

Two other points are still debated: in which moment of
AF evolution suggest ablation and which type of ablation
employ in patients with long-standing AF or more ad-
vanced cardiomyopathy.

A large number of patients with AF diagnosed less than a
year earlier were randomised to usual care or rhythm con-
trol in the EAST AFNET 415 trial, published in 2020. The
trial was stopped for rhythm control efficacy at the third
interim analysis, for a benefit in composite endpoint of
death from cardiovascular causes, stroke, or hospitaliza-
tion with worsening of heart failure or acute coronary
syndrome.

Although a small number of patients were treated with
transcatheter ablation, considering the physiopathologi-
cal concept that ‘AF begets AF’ causing atrial remodelling,
it would seem sage to consider ablation at an early phase,
when AF is still paroxysmal. In this phase, the triggers are
still the main drivers of arrhythmia, while in long-standing
AF, trigger abolition is not sufficient and substrate modifi-
cation is needed with a more aggressive ablation (linear
ablation, fragmented signals, rotors mapping, different
energy forms). We confirmed this hypothesis comparing
the previously described surgical linear lesions to pulmon-
ary vein deconnection alone in patents with long-standing
AF': if only pulmonary veins were treated, the prevalence
of sinus rhythm after 2 years was only 20%. Moreover, many
tools for pulmonary veins deconnection have been devel-
oped by industry over the years; on the contrary transcath-
eter substrate modification is performed in the majority of
cases with point by point ablation. For this reason, we
have high expectations of new catheters and energy
sources, able to treat trigger and substrate in a single pro-
cedure. But at the same time we hope that an earlier
treatment of AF will lower the incidence of persistent
forms.

Conclusions

Atrial fibrillation is a common and harmful arrhythmia, not
only for thromboembolic risk but also for symptoms, qual-
ity of life, hospitalization rate, and risk of death.

The electrophysiological mechanisms at the base of AF
are the presence of a substrate, generally atrial dilation,
of a trigger, generally a short coupled extra beat, and
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the influence of catalyst agents such as autonomic nervous
system or drugs.

Trigger and substrate can be targeted by transcatheter
ablation. Trigger elimination with pulmonary veins decon-
nection is a simple procedure, with a unique anatomic tar-
get and proven efficacy on arrhythmias recurrences,
symptoms, quality of life, and, in heart failure patients,
mortality reduction. For these reasons, together with
drug therapy, it should be considered in the early phases
of the disease, to achieve a better result and to prevent
further substrate modification.

When fibrillation has progressed to persistent form, trig-
ger elimination is not sufficient. Substrate modification
must be pursued with a more aggressive intervention; sev-
eral approaches have been proposed (linear ablation,
fragmented signals, rotors mapping, different energy
forms), but none of them has reached the incontrovertible
results of pulmonary veins deconnection for paroxysmal
form.
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