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In thelast few year smany studies have been performed to better under stand the pathophysiological
natureof atrial fibrillation (AF). Theserecent observations provide new insightsinto theinitiation and
perpetuation of AF, underlying theimportance of the pulmonary veinsas major sourcesof atrial trig-
gersand introducing new conceptssuch asatrial electrical remodeling and spatial heter ogeneity of the
electrophysiologic characteristics of thisarrhythmia. The purpose of thisreview wasto provide cur-
rent knowledge about AF electrophysiology in an effort to unite old models and new concepts.

(Ital Heart J 2000; 1 (8): 521-531)

Atria fibrillation (AF) is the most fre-
quent supraventricular arrhythmiaand it has
recently become clear that it is not a com-
pletely benign arrhythmia as thought for a
long time, but actually is associated with
increased risk for cardiovascular morbidity
and mortality. Even in the case of lone AF,
when thromboembolic complications are
relatively rare, the frequent patient discom-
fort and the necessity to assume drugs not tol-
erated or with proarrhythmic side effects,
may significantly worsen the patient s qual-
ity of life. However, despite the magnitude
of the problem, the main goal of pharmaco-
logical therapy, i.e. the maintenance of sinus
rhythm, is still unsatisfactory. Therefore,
there has been extensive effort to develop
new nonpharmacological treatmentsto cure
AF, including surgical operation, radiofre-
quency catheter ablation, atrial pacing, and
the automatic implantable defibrillator.

However, to date, aclearly effectivetreat-
ment for AF has not been yet defined. This
may be explained considering both the het-
erogeneity of theterm atria fibrillation and
the lack of knowledge of the underlying
electrophysiologic mechanisms of this ar-
rhythmia. In fact, AF may be present in very
different clinical situations and, as aconse-
guence, its electrophysiologic substrate and
clinica meaning are dso different. Inthelast
few yearsagrowing number of studies have
been performed to better understand the
pathophysiological nature of this arrhyth-
mia, and new concepts and models have
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been proposed. These recent observations
provide new insightsinto the initiation and
perpetuation of AF, underlying the impor-
tance of the pulmonary veins as a major
source of atria triggers and introducing new
concepts such asatrial electrical remodeling
and spatial heterogeneity of the electro-
physiologic characteritics of thisarrhythmia

The purpose of thisreview wasto provide
current knowledge about AF electrophysi-
ology, in an effort to unite old models and
new concepts. We have attempted to pre-
sent basic information in away that can be
understood by the clinical cardiologist. To
this aim we schematically divided thistop-
ic, according to the classic Coumel s trian-
gle, into three different parts. the substrate,
the triggers, and the role of the autonomic
nervous system.

Electrophysiological substrate

Themultiplewavelet theory. In 1959 Moe
and Abildskov! found that in dogs AF in-
duced by vagal stimulation and atrial pacing
continued after the cessation of pacing, but
that AF induced by aconitine stopped after
isolation of the site of aconitine application.
Based on these results, they proposed that the
perpetuation of AF depends on the continu-
ous and random propagation of various in-
dividual wavelets through the atria. They
presented their theory as follows: ... the
grossly irregular wavefront becomes frac-



Ital Heart J Vol 1 August 2000

tionated asit divides about islets or strands of refracto-
ry tissue, and each of the daughter wavel ets may now be
considered asindependent offspring. Such awavelet may
accelerate or decelerate asit encounterstissuein amore
or less advanced state of recovery. It may become ex-
tinguished as it encounters refractory tissue; it may di-
vide again or combine with a neighbor; it may be ex-
pected to fluctuate in size and change in direction. Its
course, though determined by excitability or refractori-
ness of surrounding tissue, would appear to be as ran-
dom as Brownian motion. Fully developed fibrillation
would then be a state in which many such randomly wan-
dering wavelets coexist 1. A few years later, Moe et
al .2 confirmed this hypothesis using a computer model,
and noted the importance of acritical atrial massand a
short refractory period in the sustainability of this ar-
rhythmia.

Later, an experimental study in dogs by Allessie et
al.3 provided evidence of the reentrant nature of AF, with
the estimation that a critical number of three-six si-
multaneous wavel ets was required to maintain this ar-
rhythmia. In 1991 Cox et a .4, using high-density epi-
cardial mapping of the free wall of the right atrium in
patients with Wolff-Parkinson-White syndrome, con-
firmed the presence during AF of multiple wavelets
fleeting in appearance and location . Microreentry or
focal automaticity was not observed. The importance of
multiple wandering wavel etsin perpetuation of AF was
confirmed by the successful development of asurgical
treatment of AFS. In fact, multiple atrial incisions, di-
viding the atriainto smaller segments, interrupt all pos-
sible reentrant wavelets.

In 1994 Konings et al.6 mapped the free wall of the
right atrium in agroup of patients with Wolff-Parkinson-
White syndrome, and confirmed Moe stheory. A wide
spectrum of activation patterns of this wall was ob-
served during AF. In attempting to quantify the degree
of complexity of activation, three different types of AF
were defined. Intype | AF the atrial wall was activated
by asingle wavefront propagating uniformly without sig-
nificant conduction delay. During type Il AF the acti-
vation patterns were characterized either by a single
wavefront associated with areas of slow conduction or
multiple lines of block of conduction, or by the presence
of two wavelets. Intype 1l AF the atrial wall was acti-
vated by three or more wavelets associated with areas
of slow conduction and multiple lines of conduction
block.

The wavelength. The wavelength concept, first intro-
duced by Lewis’, was later defined by Wiener and
Rosenbluethg as the product of refractory period and con-
duction velocity. Therefore, it expresses the distance trav-
eled by the depol arization wave during the refractory pe-
riod. Allessie et a.3 confirmed this concept, by using epi-
cardial electrodesin dogs, demonstrating that the slow-
er the conduction velocity and the shorter the refracto-
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ry period, the more likely it is that reentry will occur,
and very short wavelengths facilitate more complex
forms of reentry, such asfibrillation versusflutter. Since
for AF acritical number of wandering wavelets are re-
quired, the wavelength isimportant for perpetuation of
fibrillation.

If the wavelength is relatively long, afewer number
of waves can circulate through the atria, and AF tendsto
terminate spontaneously. Conversely, short tissue wave-
length tendsto favor the onset and perpetuation of AF and
may be caused by fibrosis and inflammation (decreas-
ing conduction velocity), increased parasympathetic ac-
tivity and thyrotoxicosis (shortening the refractory pe-
riod), ischemia (decreasing both), and stretch that in
some experimental studies has been shown to shorten re-
fractoriness®. In several studies the intra-atrial conduc-
tion disturbances have been observed to characterize
patients prone to AF10. Also, significant conduction de-
lays may be functional, being due to locations with the
longest refractory period that did not maintain rapid 1:1
capture, and thus determining disorganized atrial elec-
trogramstL.

Finally, it might be important to characterize the an-
tifibrillatory action of antiarrhythmic drugs in terms of
their effects on the wavelength. Only drugs that length-
en the wavelength can be expected to have antiarrhyth-
mic properties.

The concept of critical mass. For maintenance of AF,
acritical mass of myocardia tissueisrequired, sincelarg-
er tissue masses allow a greater space available for the
waveletsto circulatel2. Direct proof that perpetuation of
AF isdependent on acritical massis provided by the fact
that in different animal species larger hearts fibrillate
longer than small heartst3 and that, in agiven animal, AF
is less stable than ventricular fibrillation. In humans,
atrial size haslong been known to be critical in the abil-
ity to generate AF, and it has been shown to correlate with
increased vulnerability. The importance of atrial en-
largement may explain the propensity for AF to occur in
vavular disease and cardiac failure.

Thus the pathol ogic substrate of AF should be con-
sidered as a balance between the atrial mass and the
wavelength. In agiven heart of acertain size, smaller cir-
cuits (i.e. shorter wavelength) may be easier to sustain.
Conversely, larger atria allow the sustainance of more
reentrant circuits even in the presence of a relatively
longer wavelength.

Theroleof dispersion of refractoriness. In patientswith
AF an increased dispersion of refractoriness was ob-
servedi4-20, This heterogeneity of refractoriness may
provide the setting for unidirectional block when an ex-
trasystole arising in azone with short refractory periods
failsto excite an areawith long refractory periods. Prob-
ably, asZipeswrote2l: A heart that is homogeneous el ec-
trophysiologicaly ... cannot fibrillate . Recently, Ra-
mannaet al .20 found that patients with idiopathic AF had
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an increased dispersion of refractorinessin comparison
with a control group and, thus, they concluded that this
increased dispersion of refractoriness may be the subsirate
for the enhanced inducibility and spontaneous occurrence
of AF.

Several mechanisms may cause unequal shortening
of the refractory period in the atria and thus create el ec-
trophysiologic heterogeneity. Between these factorsitis
important to underline therole of an increased vagal ac-
tivity; in fact, the distribution of vagus nerve fibersto the
atria may not be very homogeneous, and consequently
the shortening of action potential may not be uniformin
the different atrial regionsts. Also, it has been observed
that the atrial effective refractory period in the thin right
atrial freewall islonger than the refractory period of the
thick crista terminalis at baseline, and an increase in
atrial pressure exaggerated this difference by stretching
the thin segments of the atrial myocardium more than the
thick segments?t. Moreover, fibrosis may result not on-
ly in slow conduction but, leading to progressive elec-
trical uncoupling, may determine an increaseinthe dis-
persion of refractoriness. In fact, in well-coupled cells
the current flow during repolarization will tend to de-
crease dispersion by prolonging action potentialswith a
short duration and by shortening action potentials with
along duration22.

Different kinds of reentry involved in atrial fibrilla-
tion. Different kinds of reentry have been suggested to
be present during AF. We can schematically distinguish
anatomical and functional reentry.

The dissection of the human atria highlightsthe com-
plex atrial geometry, which is characterized by: 1) holes
(orifices of superior and inferior cavavein, coronary si-
nus, pulmonary veins and fossa ovalis); 2) thick axial
pathways that intervene with thin atrial myocardium
(e.g. cristaterminalis, pectinate muscles); 3) presence of
natural blockades (e.g. mitral and tricuspid annulus, Eu-
stachian ridge, veins) and passages (Cosio s isthmus).
This complexity of atrial geometry may provide the
anatomic basisfor areentry circuit. The anatomically de-
termined reentry is characterized by afixed circuit, rel-
atively stable, susceptible to entrainment and thus with
afully excitable gap.

During AF functionally determined reentry hasanim-
portant role. Thefirst description of reentrant excitation
in the heart in the absence of anatomic obstacleswas de-
scribed by Garrey23in 1914. Sixty yearslater in aclas-
sic series of experiments, Allessie et al.24 provided the
first direct experimental demonstration that the pres-
ence of an anatomic obstacleis not essential for theini-
tiation or maintenance of reentry. These authors on the
basis of their observations formulated the leading cir-
cle concept, where the dynamics of reentry isdetermined
by the smallest possible pathway in which theimpulse
can continue to circulate in which the stimulating effi-
cacy of the circulating wavefront isjust enough to excite
the tissue ahead which till is in its relative refractory

523

phase 24, Thus, the head of the leading circle bitesin-
to its own relative refractory tail. The maintenance of
the leading circleis dueto repetitive centripeta wavelets
that keep the core in a constant state of refractoriness.
Therefore, the leading circle reentry is characterized by
an unstable circuit changing size and location, not sus-
ceptible to entrainment and thus without a fully ex-
citable gap.

In the high density mapping of human AFS, besides
theleading circle reentry, another kind of reentry was ob-
sarved inthefreewall of theright atrium: the random reen-
try. During this form of reentry a propagating wavelet
reexcites an area which shortly before was activated by
another wavelet . The random reentry is unstable, sus-
ceptible to entrainment and with an excitable gap.

Recently, Jalife2s proposed a different kind of func-
tiona reentry: the spiral wave reentry. It has been defined
as avortex-like reentry determined by a wavefront that
curlsat its broken end and beginsto rotate. An obstacle,
such as a scar or a bundle of connective tissue, may
break the wavefront in its path. However, the wave
breaks may also occur at the intersection of a wave-
front with the tail of another propagating wave even in
the absence of anatomic or functional discontinuities. A
recent study by Athill et a.26 highlights the difference be-
tween the leading circle and spiral wave reentry: in the
former the coreis kept permanently refractory, and in the
latter the coreis excitable but not excited. The compli-
cated atria structure, particularly the highly heteroge-
neous network of pectinate muscles, may be responsible
for the genesis of thiskind of reentry27.28, More impor-
tantly, using high resolution video imaging, it has been
observed that stable localized sources are responsible for
AF maintenance in the isolated sheep heart?8. These
sources correspond to vortex-like reentry around mi-
nuscule cores: in fact, the spiral waves rotate around mi-
croreentrant circuits of = 1 cm.

Regional entrainment of atrial fibrillation: evidence
of an excitable gap. It has been observed that bothinin-
duced AF in animals and in humans the capture of the
atrium by rapid pacing is possible29-33, Moreover, Pan-
dozi et al.34 during spontaneous chronic AF in humans
achieved alocd capture particularly inthe right atria wall
where the electrical activity was more organized.

These observationsimply that an excitable gap may
be present during AF. Probably, the beat-to-beat varia-
tionin local fibrillation intervals can at least in part be
explained by avariable excitable gap. Thus, an interva
of excitability could be present between the wandering
wavelets, excluding the hypothesis that the multiple
waves should reenter soon after they have recovered
from the previous activation. Although the rel ative con-
tribution of the different kinds of reentry to the AF per-
petuation could be very different, both anatomical and
functiona reentry (with the exception of leading circle
reentry) may explain the presence of an excitable gap dur-
ing AF.
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Regional differences of atrial electrophysiological
properties. Recent mapping studiesin humans3s-38 have
clearly demonstrated that during AF different areas of
the atria may have a different electrophysiologic be-
havior. Some regions show afast, irregular and disor-
ganized atrial activity while, simultaneously, othersare
activated by relatively organized and almost regular
electrical wavefronts. It can be presumed that although
the atria as awhole participate in the process of AF not
all the parts of the atria contribute equally to the per-
petuation of thefibrillatory process®. The regions show-
ing the most irregular and disorgani zed activity may be
crucia for the maintenance of the arrhythmia, while oth-
er regionswith arelatively regular activation may be on-
ly bystander. Figure 1 shows an example of extensive
atrial mapping demonstrating the simultaneous pres-
ence of disorganized electrical activity in some regions
and organized activity in other areas.

The electrical activation along the right lateral wall
is much more organized353638 and generally shows a
craniocauda sequencef. Thus, when the atrial activity
was more regular and organized probably due to the
presence of macroreentrant circuits involving the right
atrium, theimpul se propagation during AF had abehavior
similar to common atrial flutter. Conversely, the poste-
rior, posterosepta and septal regions of both atriaare the
sites where the most irregular activation is generally
present in most cases during AF. The importance of the
septum in the perpetuation of AF has recently been high-
lighted by Kumagai et al .41 who showed that in dogs a
reentrant circuit in the septum may be amajor factor in
the maintenance of this arrhythmia. Particularly, many
studies point to the relevance of the posterior region of
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theleft atrium asacritical areain the maintenance of AF,
both in animals*2 and in humans*3-47. In dogs Morillo et
al .42 observed the presence of the shortest FF interval dur-
ing AF in the left posterior wall; the cryoablation limit-
ed to this zone prevented the reinduction of AF in more
than 80% of cases. During intraoperative mapping Hara-
daet al.#4 observed that in 9 of 10 patients with chronic
AF and mitral valve disease, the left atrium had a regu-
lar and repetitive activation pattern, and thusit could act
asan dectrical driving chamber for AF. Suedaet a .4, in
the same subgroup of patients, showed that the posteri-
or wall wasthe areawith the shortest FF intervals; the sur-
gical isolation of this area restored the sinus rhythm in
most patients. The importance of the left atrium in the
maintenance of AF has aso been confirmed by the results
obtained by percutaneous catheter ablation of AF43.4547
showing a significant increase of the success rate when
linear lesions were applied within the left atrium.

Thisnonuniform spatial behavior of electrical activ-
ity during AF might be explained by different anatom-
ic and histologic peculiarities of the various parts of the
atria, the presence of areas of slow conduction or intra-
atrial conduction block dueto both structural or functional
abnormalities, and the role of the local atrial refractory
period in the different regions. The spatial dispersion of
refractoriness can produce fragmented el ectrograms by
the presence of action potentials in different muscle
bundlesthat are activated out of phase3?. An interesting
hypothesist! may be that the locations with disorga-
nized atrial electrograms are those with the longest re-
fractory period that did not maintain rapid 1:1 capture de-
termining low-amplitude action potentials.

Figure 1. Extensive atrial mapping in a patient during atrial fibrillation. An organized and almost regular atrial activity with a counterclockwise acti-
vation (like common atrial flutter) is present along theright lateral wall (A). Intheright posterior wall (B), right septum (C) and left septum (D) is pre-
sent an irregular and disorganized atrial activity (double potentials and fragmented electrograms). The electrical activity recorded from the coronary

sinusisregular and organized (E).
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Theatrial electrical remodeling: atrial fibrillation
begets atrial fibrillation . It is well known that AF
episodes have atendency to become more frequent over
time, often evolving in persistent AF. Moreover, the
successful restoration and maintenance of the sinus
rhythm ismore difficult in patientswith AF of longer du-
ration4s49.

Attuel et a.50 first suggested that a poor or absent
adaptation of the atrial refractory period to changesin
pacing rate could be a cause of chronic AF in humans.

Recently, several experimental studies in animal
models!8.19425152 ghserved that prolonged pacing-in-
duced AF favors aprogressive decrease in the atrial ef-
fective refractory period!8.19.425152 gnd conduction ve-
locity194252 and, thus the shortening of the wavelength
of the reentrant wavel ets. Therefore, AF itself modifies
atrial electrical propertiesin away that favors the oc-
currence and maintenance of the arrhythmia, a process
that the group of Allessie called AF begetsAF 5L, Fur-
thermore, it has been observed that tachycardia-induced
effective refractory period remodeling is spatialy nonuni-
form, with an increase in the dispersion of refractoriness
among various atrial regions!&s3, This nonuniform re-
modeling of refractoriness seems to play an important
roleinincreasing atrial vulnerability to AF induction and
the duration of induced AF28.

In humans, ashort duration of AF or rapid atrial pac-
ing54-56 has also been demonstrated to cause asignificant
shortening of the atrial effective refractory period, which
recovered afew minutes after termination of AF. These
short-term changes of atria electrophysiology are meta-
bolically mediated and probably have nothing to do
with the true electrical remodeling. Infact, the group
of Allessiedl57 defined as electrical remodeling thelong-
term changes of the refractory period (and other elec-
trophysiol ogic parameters such as conduction vel ocity)
from prolonged changes in atrial rate. Also, they sug-
gested that theterm remodeling should be reserved for
electrophysiological modifications that are associated
with structural alterations in the myocardium. Littleis
known about the effects of chronic AF on atrial elec-
trophysiology and itsrecovery coursein humans. Franz
et al .58 observed that monophasic action potential of the
right atrium after conversion of chronic AF to sinus
rhythm was 130 to 150 ms shorter than in the control
group. Pandozi et a.5° found that in a group of 25 pa-
tientswith chronic AF the effective refractory period was
shorter immediately after cardioversion than 4 weeks af-
ter sinusrhythm restoration. However, anormal or near-
ly normal adaptation of the atrial effective refractory pe-
riod to rate has been reported in the majority of cases.
Moreover, Yu et al.59 showed that chronic AF short-
ened the refractoriness, but its adaptation to rate was im-
paired. Hobbs et al .61 confirmed that the modifications
of atrial electrophysiology in chronic AF arereversible
after cardioversion and demonstrated that this reversal
is dependent on the duration of sinus rhythm after car-
dioversion. The presence of atria electrical remodeling
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may also explain the differencesin atrial organization
existing between paroxysmal and chronicAF. Infact, in
chronic AF both a relevant shortening of the FF inter-
val and an increase in atrial activity disorganization
were observed in all atrial regions3.

Cytosolic calcium overload seemsto bethe mgjor re-
sponsible factor for the shortening of atria refractoriness
promoted by atrial tachycardia (i.e. rapid pacing or in-
duced AF). In fact, some studies have found that vera-
pamil could attenuate this short-term tachycardia-in-
duced shortening of the effective refractory periods5.6263,
However, recent studies have observed that verapamil
does not prevent long-term modifications of atrial elec-
trophysiological propertiesin animals?4 and determines
ashortening of atrial refractoriness in humansss. Thus,
we can expect that this drug will favor rather than pre-
vent the recurrence of AF, even if it could suppressthe
firing of the atrial foci triggering AF recurrences by its
action on abnormal automaticity, and on early and de-
layed afterdepol arizationss. More importantly, threere-
cent studiest”-69 highlighted the relevant role of an-
giotensin Il in atrial electrical remodeling.

Anatomical and anatomo-pathological substrate

Atrial anatomy: relationship to atrial fibrillation.
The atrial anatomy has arelevant part in determining the
behavior of impulse propagation in the different atrial
regions. The right atrial free wall generally presents a
rather organized atrial activity during AF: probably, the
cristaterminalis and the tricuspid ring act as function-
a barriers that favor aforced path of the AF wavelets
aong the trabeculated right atrium?. The preference for
acraniocaudal propagation along the right lateral wall
may be related to the geometry of the trabeculated right
atrium that is more likely to be activated by wavelets
coming from the wide roof of the posterior right atrium
than via the narrow isthmus between the inferior vena
cava and tricuspid annulus. Also, tissue-specific
anisotropic conduction properties of thisareaseemto fa-
vor a craniocaudal activation sequence’l. The preva-
lent organization of electrical activity more frequently
found in the recording by the coronary sinus may be due
to the orientation of muscle fibers along this anatomic
structure and by its proximity to the mitral annulus bar-
rier. Furthermore, the greater presence of disorganized
atrid activity in the posterior walls and septal region could
be caused by the wide muscle connections in these ar-
eas and by the presence of multiple inputs coming from
Bachmann s bundle, the mid-septum and the region ad-
jacent to the coronary sinus. This could favor the cre-
ation of pivot points of turning wavel ets appearing asfrag-
mented electrograms®. This is aso supported by the
observation?! that the septal region plays animportant role
in the re-formation of unstable reentrant circuits with a
primary involvement of the region of Bachmann s bun-
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dlie. The behavior of arid activity in the atrial septum may
be also related to the presence of nonuniform anisotrop-
ic characteristics of the posterior triangle of Koch?7,
Moreover, the pulmonary veins might play a critica
role in the maintenance of AF both for the location it-
self of four holesin the posterior region of the left atri-
um, that can favor an anatomical macroreentry, and for
the presence of myocardia deeves extended over the ori-
fices?3, that might determine microreentry inside these
structures. Finaly, as underlined by Jalife and Gray74,
it is necessary to review the classic two-dimensional
model of propagation of multiple wavelets during AF.
Infact, severa studies?”.28.75.76 highlight the importance
of the three-dimensiona atrial structure, characterized
by athin epicardial sheet attached to a complex suben-
docardia structure in both atria, suggesting its critical
rolein the behavior of eectrical activation during AF and
itsinitiation.

Anatomo-pathology of atrial fibrillation. As regards
the anatomo-pathol ogy of AF, it should be kept in mind
that this arrhythmia has multiple disparate etiologies. It
isusualy associated with recognizable organic heart dis-
eases, but it may also occur in aconsiderable number of
patients without clinically evident abnormalities (lone
AF). The highincidence of AF in hypertensive, dilated,
hypertrophic and valvular heart disease could be relat-
ed to two main factors. First, the presence of a signifi-
cant atrial enlargement determines anincreasein the crit-
ical mass. Second, in all these conditions agreat degree
of atriad fibrosis ranging from scattered foci to diffuse
involvement has been found?”.78 that can cause con-
duction slowing and block. In patients with sick sinus
syndrome a high prevalence of prolonged and fraction-
ated electrograms has been reported in theright atrial en-
docardium, particularly in the region of the sinus
noder®80, In idiopathic AF, various factors have been sug-
gested to favor thisarrhythmia, varying from atrial my-
ocarditis’! or adipose replacement82 to an imbal ance of
the autonomic toness.

Also, theimportance of the aging modification in the
atriashould be highlighted. As aging proceeds, thereis
an elastification of fatty tissue, increased collagen fibers
and atrial amyloid infiltration84. These changesin the atri-
al tissue related to age cause delayed and inhomogeneous
conduction. Moreover, as observed by Spach et a .85, with
aging there is a loss of lateral connections between
small group of cellsdueto microfibrosis. This determines
anonuniform anisotropy, with afurther slowing of con-
duction during the transverse propagation compared to
thelongitudinal one. Also, the same authorsss observed
how premature beats did not cause aunidirectional lon-
gitudinal block in the young with uniform anisotropic
tissues. On the contrary, premature stimuli in older hu-
mans with nonuniform anisotropy resulted in a unidi-
rectional longitudinal block that, associated with the
very slow conduction during transverse propagation (as
above noted), easily induced a reentry.
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Thetriggers

Recently, clinical and experimental studies6.86-95
have shed light on the electrophysiological mechanisms
responsible for the onset of AF. To date, on the basis of
the results of these studies we can schematically dis-
tinguish three different types of AF initiation.

First, AF can occur in patients who have other forms
of supraventricular tachycardia. The disappearance of AF
in most patients after radiofrequency ablation of these
tachycardias confirmstheir role in AF onset (tachycar-
dia-induced tachycardia). The mechanism involved may
berelated to theincreasein atria pressure caused by the
occurrence of atrial systole during tachycardiawhen the
atrioventricular valves are closed or at least not fully
open. The augmentation of atrial pressure causes atria
stretch which prolongs atrial refractoriness®.97 and,
more importantly, increases atrial dispersion of refrac-
toriness®s,

A second interesting mode of AF initiation (focal AF)
has recently been identified by the Bordeaux group8?-8°.
In thisgroup of patients the initiation and maintenance
of AF isdue, as confirmed by radiofrequency ablation,
to a rapidly discharging focal tachycardia that is un-
derlying and apparently driving the AF. Patientswith

focal AF are typically younger, without structural
heart disease, with frequent runs of atrial tachycardia
which may degenerate in episodes of AF. Figure 2
shows the Holter recording in a patient with the typical
behavior of a focal AF . The pulmonary veins, partic-
ularly theleft and right superior veins, are the source of
these focal drivers inthe mgjority of cases. The pre-
dominant distribution of foci in the superior veins match-
esthe prevalent extension of myocardia deevesover the
orifices of these structures®©. The mechanism underly-
ing the focal arrhythmia may be abnormal automatici-
ty or triggered activity because this type of arrhythmia
could not be induced by programmed electrical stimu-
lation. These clinical observations seem to confirm the
original hypothesis by Sherf% that AF may result from
asinglefocusfiring at such arapid rate that the remainder
of the atria cannot follow synchronously.

The third and, probably, the most frequent mode of
onset of AF is caused by single or multiple extrasystoles,
more often particularly earlier (Pon T) and/or arisingin
critical areas. Haissaguerre et al .89 showed that in most
patients the pulmonary veins are the source of the pre-
mature beats triggering AF. Thus, in the pulmonary
veins may be present either a focal driver , continual-
ly firing during a paroxysm of AF so that when firing
stops, AF ceases, or a focal trigger , with single or mul-
tiple extrasystoles favoring reentrant beats and thus the
onset of AF. In aminority of patients the ectopic beats
initiating AF were found in the right atrium along the
crista terminalis and close to the coronary sinus os-
tiumge.88:89, Furthermore, a recent study9% has demon-
strated the dominant role of single or multiple ex-
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Figure 2. These stripes are taken from a Holter recording obtained in a 38-year-old male with a history of paroxysmal atrial fibrillation. Panel A shows
very early premature beats and a short run of atrial tachycardia. Some beats exhibit an aberrant intraventricular conduction and one beat (*) isblocked.
Panel B and C (continuous stripes) show the induction of an episode of atrial fibrillation after a short run of atrial tachycardia.

trasystoles originating in the pulmonary veins in the
reinitiation of chronic AF after cardioversion. The ab-
lation of these focal triggers seemsto be effectivein
about 60% of cases.

Some questions need to be answered. How com-
mon is the presence of focal drivers as a cause of AF?
How important isthe role of foci in pulmonary veinsin
patients with structural heart disease and/or chronic
AF? Why do the extrasystoles arising in pulmonary
veins seem to be more able to initiate AF than ex-
trasystoles originating in other common areas of ec-
topy, such as cristaterminalis and coronary sinus ostium?
What is the relevance of stretch of pulmonary veinsin
generating ectopic beats and tachycardia?

Therole of the autonomic nervous system
The autonomic nervous system has extensively been

studied in relation to the mechanism of AF1516,21,101-105,
The vagal activity is very important in the initiation
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and perpetuation of AF, as shown by animal studies
demonstrating that both parasympathetic stimulation
and direct application of acetylcholine result in sus-
tained AF75.106107, M oreover, in humans Coumel83.102,108
proposed the presence of aform of vagally mediated AF,
characterized by a predominance in young males with
no structural disease, in which the episodes of parox-
ysmal AF occurring at night and postprandially were gen-
erally preceded by a heart rate decrease and/or an in-
crease in high frequency heart rate variability. Aslong
asvagal toneis high, the arrhythmiawill be sustained?s,
which may explain why the arrhythmia in these pa-
tients more frequently occurs during sleep, terminating
in the morningto2,

The effects of vagal stimulation on atrial electro-
physiology can be summarized in two ways: 1) short-
ening of the action potential duration, and hence the ef-
fective refractory period, of atrial myocytes; 2) in-
creased dispersion of refractoriness!5.16.101, The |atter
effect of vagal stimulation seems to be related to a
nonuniform action of vagal stimulation on the refrac-
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tory period of both atria, probably because the distri-
bution of vagus nerve fibersto the atriais not very ho-
mogeneousts16 and, thus, the myocardial fibersim-
mediately adjacent to vagal postganglionic endings
are exposed to relative high concentrations of cholin-
ergic mediators and are profoundly affected, while
fibers more remote from sites of acetylcholine libera-
tion areinfluenced to amuch lesser degree 6. Both the
shortening of the refractory period and the increase in
dispersion favor atrial reentry that can initiate and
maintain AF.

Adrenergic factors seem to be also involved in the
pathogenesis of AF104105, The adrenergically mediated
form of AF isless common, occurs more frequently in
patients with heart disease during daytime, at stress or
with exercisel®2, In some cases this pattern of AF canre-
sult from disorders such as hyperthyroidism or pheochro-
mocitoma. The mechanism by which adrenergic influ-
ences may determine the occurrence of AF islesswell
characterized. The principal effectisareductioninthe
atrial refractory period® that could favor microreentry.
Theatrial adrenergic modulation is nonuniform and the
inhomogeneity is accentuated in diseased tissues®. Fur-
thermore, ahigh sympathetic activity seemsto favor au-
tomatic and triggered activity and thus increases the
atrial extrasystolestriggering AF.
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