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Summary

Pathomechanisms underlying atrial fibrillation (AF)
are very complex and include various electrical and
structural remodelling processes involving focal ec-
topic activity of atrial cells and reentry mechanisms
through atrial tissue. This article reviews basic mecha-
nisms related to AF and gives an update on hypotheses,
which are currently thought to provide the most com-
prehensive concepts.

Introduction

Atrial fibrillation (AF) is the most common ar-
rhythmia in clinical practice occurring at any age with
a prevalence rising from 0.7% in the age group 55 to 59
years to 17.8% in those aged 85 years and above [1].
The development of AF is associated with substantial
morbidity and mortality and it behaves as a progres-
sive disease in which the arrhythmia itself may induce
further structural changes and a worsening in the un-
derlying diseases, thus creating a vicious circle [2, 3].

Currently, many ways are used to describe and
classify AF but these classifications, although useful in
a clinical setting, remain arbitrary and eventually do
not relate to underlying arrhythmogenic mechanisms.
Such heterogeneity has brought up difficulties in com-
paring different therapeutic strategies and one study
or trial with another.

Further, present therapeutic approaches to AF still
have major limitations with regards to efficacy and sig-
nificant adverse effect liability. These limitations have
inspired substantial efforts to develop our understand-
ing of the mechanisms underlying AF, with the premise
that better mechanistic insights will lead to innovative
and improved therapeutic approaches [4]. In fact, our
understanding of AF pathophysiology has progressed
significantly over the past 10 to 15 years thanks to dif-
ferent advanced mapping modalities and animal mo-
dels and not the least through an increased awareness
of the role of “structural and electrical atrial remodel-
ling”, which promotes AF by acting on fundamental
arrhythmia mechanisms: focal ectopic activity and
reentry. In this context, two mechanistic principles
have gained much attention: factors ¢triggering the on-
set and factors perpetuating AF [5]. These observations

finally led to the notion and clinically gross generalisa-
tion that patients exhibiting frequent paroxysmal AF
episodes may predominantly have factors triggering
AF, while those with persistent AF rather have factors
maintaining AF. However, much evidence has been
gathered in recent years, highlighting a considerable
overlap of these mechanisms; e.g., a patient with self-
terminating paroxysmal AF may also have clearly
identifiable “electrically remodelled” atrial structures
rendering AF more inducible and sustained, while
patients with persistent AF may be treated with a
substantial success by elimination of a single trigger-
ing focus/multiple foci or reentrant circuit/rotor [6, 7].

Electrophysiological properties /
electrical remodelling

In general, AF is associated with a variety of conditions
and established cardiovascular risk factors that may
cause structural and/or electrical (ion-channel) remod-
elling (table 1) [8]. In addition, AF itself causes ionic
current remodelling playing a significant role in AF
pathophysiology. Atrial electrical properties are modi-
fied by affecting expression and function of ion-chan-
nels, pumps, and exchangers, thus creating a reentry-
prone substrate and promoting arrhythmia. This con-
cept, known as atrial tachycardia remodelling (ATR)
was first described in animal models showing that
long-term rapid atrial pacing or maintenance of AF
favours the occurrence and maintenance of AF (‘AF
Begets AF’) [9, 10]. The molecular mechanism of ATR
consists of a series of modifications that result in re-
fractory period shortening due to action potential dura-
tion (APD) abbreviation: (1.) decreased L-type Ca%* —
current, (2.) increased inward-rectifier K* current, and
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Table 1
Risk factors and possible associated structural and electrical
remodelling processes (modified from [8]).

Risk factor Possible remodelling process
Age Structural remodelling
Male sex lon currents involved in

repolarisation

Structural remodelling
Arterial hypertension Structural remodelling
Valvulopathy Structural remodelling
Heart failure Structural remodelling
Abnormal calcium handling
Coronary artery disease with:
— Acute atrial ischaemia Conduction slowing, block
— Prior atrial infarction Structural remodeling
Abnormal calcium handling
Obesity

Obstructive sleep apnea

Structural remodeling
Structural remodeling

Smoking Structural remodeling

Endurance exercise Structural remodeling

Autonomic changes

Diabetes mellitus Structural remodeling

Autonomic changes

Thyroid disease Structural remodeling

lon current remodeling

(3.) abnormal expression/distribution of the gap junc-
tion connexin hemichannels [11].

Abnormal automatic activity occurs when an in-
crease in time-dependent depolarising inward currents
carried by Na* or Ca?* (making the cell interior more
positive) or a decrease in repolarising outward currents
carried by K* (which keep the cell interior negative)
causes progressive time-dependent cell depolarisation.
When threshold potential is reached, the cell fires, pro-
ducing automatic activity. If automatic firing occurs
before the next normal (sinus) beat, ectopic atrial acti-
vation results [12].

Clinically typical short-cycled ectopic atrial foci (P-
on-T) are thought to arise via triggered activity, most
typically caused by delayed afterdepolarisations
(DADs), but in some cases by early afterdepolarisations
(EADs). DADs are membrane potential oscillations oc-
curring after full repolarisation of the triggering action
potential. They constitute the most important mecha-
nism of focal atrial arrhythmias and are favoured by
conditions producing Ca?* overload, like ischaemia,
beta-adrenergic stimulation, low extracellular K* con-
centration, and tachycardia [13, 14]. They result from
abnormal diastolic leak of Ca** from the sarcoplasmic
reticulum (SR) via Ca?* release channels known as ry-
anodine receptors [15]. Excess diastolic Ca?* is handled
by the cell membrane Na*, Ca%-exchanger (NCX),
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which transports three Na* ions into the cell per single
Ca?* ion extruded, creating a net depolarising current
(called transient inward current, or I;) that produces
DADs — large enough to reach threshold for ectopic fir-
ing. Repetitive DADs cause focal atrial tachycardias.
Conversely, EADs are membrane oscillations occurring
during phase 2 or 3 of the action potential. They origi-
nate when action potential duration (APD) is exces-
sively prolonged and cell membrane Ca? currents re-
cover from inactivation and allow Ca?* to move inward,
thus generating a new action potential upstroke [16].
Myofibroblasts may increase reentry potential of adja-
cent myocardial cells, bringing them nearer to thresh-
old to fire and to initiate focal activity. Ectopic activity
can be transient, manifesting as isolated ectopic beats
or sustained causing tachycardia (fig. 1).

Tissue properties / structural remodelling

Structural remodelling is characterised by atrial en-
largement and tissue-fibrosis. Morillo and colleagues
first described structural modifications in a dog model
of atrial tachypacing [10]. Electron microscopy showed
increase in the number and size of mitochondria and
disruption of the sarcoplasmic reticulum. Enlarged
nuclei and dilatation of the rough endoplasmic reticu-
lum were also observed. Ausma and colleagues de-
scribed structural changes during prolonged AF in a
goat model [17]. They found dedifferentiation with de-
pletion of contractile material (sarcomeres) and accu-
mulation of glycogen but rather multiple small mito-
chondriae. The cells did not show atrophy, on the con-
trary, they were enlarged and no degenerative changes
or alterations in the extracellular matrix were ob-
served. Nevertheless, studies done in dog and human
atria did show degenerative changes and evidence of
myocyte apoptotic and necrotic cellular death [18-20].
The clinical implication of this difference would be re-
versibility in the case of dedifferentiation as compared
to irreversibility for degeneration. Atrial fibrosis is a
common feature of many atrial fibrillation precursors

Early Afterdepolarization (EAD) Delayed Afterdepolarization (DAD)

Figure 1

Focal ectopy / triggered activity.

A EAD based on prolonged repolarisation.
B DAD based on altered Ca?*-handling.
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such as congestive heart failure, ischaemic heart dis-
ease, valve disease, senescence and atrial fibrillation
itself [21]. In fact, the persistence of AF is correlated to
the amount of fibrosis and contributes to therapeutic
resistance in long standing arrhythmia [22, 23]. Fibro-
sis basically consists of extracellular matrix (ECM)
protein deposition by fibroblasts, which are non-excita-
ble cells and the most frequently found cells in the
heart [24]. This ECM creates a barrier to impulse prop-
agation. Besides, interactions between cardiomyocytes
and fibroblasts through gap junction creation may
cause arrhythmogenic changes in cardiomyocyte bioel-
ectricity and conduction properties [25-28]. On the
other hand, it has been proven that rapid activation of
atrial cardiomyocytes induces fibrosis, thus creating a
cycle of arrhythmia and fibrosis [29]. Structural remod-
elling only seems to be reversible during the first
phases of the arrhythmic disorder, but its extent is cru-
cial because it may reach a threshold beyond which
sinus rhythm can no longer be restored. Atrial enlarge-
ment is very often present in AF and a strong inde-
pendent predictor for the development of AF [30]. It can
in fact be a cause or a consequence of AF and can be
partially reversed after restoration of sinus rhythm
[31, 32].

Focal ectopic (triggered) activity -
initiation of atrial fibrillation

Clinical studies have shown that up to 94% of atrial
triggers that initiate frequent paroxysms of AF origi-
nate in one of the PVs, in fact, from myocardial sleeves
extending beyond the venoatrial junction into the PVs
[33]. These sleeves are more extensive around the su-
perior than around the inferior pulmonary veins [34—
36]. This arrangement concurs with the distribution of
foci of atrial premature depolarisations for spontane-
ous initiation of AF in reported clinical series [37]. The
highly arrhythmogenic properties of the thoracic veins
has been linked to an anisotropy due to discontinuous
myocardial fibers separated by fibrotic tissue, promot-
ing reentrant excitation, automaticity and triggered
activity. Moreover, the PVs and PV ostia of patients
with AF frequently show abnormal conduction proper-
ties (fragmentation, high dominant frequency) further
promoting arrhythmogenesis [38]. Interestingly, con-
gruent histological patterns have also been found in
the junctions between atrial myocardial cells and vas-
cular smooth musculature in the coronary sinus (CS)
and AV valves, where under physiologic conditions,
synchronous electrical activity is observed, while after-
depolarisations and triggered activity occur during cat-
echolamine stimulation, rapid atrial pacing and/or
atrial stretch [38]. Thus, triggering sources of AF can
also be localised in the posterior wall of the left atrium,
superior vena cava, ligament of Marshall, ostium of the
CS, interatrial septum, crista terminalis and the region
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adjacent to the AV valve annuli. Even rare congenital
anomalies such as a persistent left superior vena cava
may trigger AF [39-41].

Reentry — maintenance of atrial fibrillation

Reentry requires a suitable vulnerable substrate, as
well as a trigger that acts on the substrate to be initi-
ated [42]. Such substrates can be caused by altered
electrical properties (functional reentry) or by fixed
structural changes (anatomical reentry). Numerous
cardiac conditions may cause structural substrates for
reentry basically mediated by atrial enlargement and
fibrosis. As a matter of fact, atrial dimension affects the
amount of tissue that can accommodate reentry cir-
cuits and is an important determinant of the occur-
rence of AF-related reentry by making long pathways
available [43]. Induction and maintenance of reentry
require a critical balance between refractory and
conduction properties. As a consequence, a shortened
refractory period and/or a slowed conduction are the
main mechanisms contributing to the perpetuation of
either one or multiple reentrant circuits. In other
words, the combination of all electrical and structural
remodelling processes promote shortening of atrial
tissue refractoriness and thereby decreases the wave-
length (WL) of reentry-circuits, since the latter is the
product of the refractory period (RP) and the conduc-
tion velocity (CV) (WL = RP x CV). It is crucial to keep
in mind that any wavefront propagation is dependent
on a critical interplay between the “source” and the
“sink” of a depolarising current. If the sink, acting as a
sort of downstream tissue to the activation wavefront,
is too large, propagation fails since the source current
is too weak for its excitation (scenario of a convex wave-
front curvature). However, if the opposite is the case
(scenario of a concave wavefront curvature), a large
number of cells encounter a smaller dimension of
downstream tissue resulting in increased conduction
velocity [44] (fig. 2).

AF-related reentry is currently thought to occur
through two main general concepts/forms: (1.) the lead-
ing-circle concept and (2.) spiral wave reentry. These
mechanisms may underlie AF perpetuation once con-
tinuously firing sources or triggers such as the PVs are
eliminated.

Leading-circle concept

In 1973, Allessie and co-workers were the first to dem-
onstrate reentrant activity to be functional and thus to
exist without the need of an anatomical obstacle. Based
on their observations of a tachycardia, which was in-
duced in left atrial rabbit atria by premature stimula-
tion showing excitation by rotating waves, they intro-
duced their leading-circle concept [45]. Their paradigm
consists of a reentry circuit establishing itself in a
smallest possible loop that permits the wave to propa-
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gate. Inside the leading circle, multiple impulses prop-
agating centripetally render the core tissue refractory
and extinguish. Conversely, centrifugal propagation of
impulses at the leading edge of the leading circle depo-
larises adjacent tissue as fast as possible, earliest dur-
ing the relative refractory period (fig. 3) [45, 46].

Spiral wave reentry

Many recent studies in animals and/or patients have
demonstrated AF-related reentry to be rather the
result of uninterrupted periodic activity of a stable,
meandering self-sustained spiral wave reentry adapt-
ing the shape of a rotor, the spiral wave rotating around
a microreentrant circuit (fig. 4) [47, 48].

Spiral waves are well known from observations
with chemical reactions in excitable media and have
been adapted to electrophysiologic phenomena after
experiments gathered from mathematical models of
inter-cellular electrical propagation (Fitzhugh-Na-
gumo model [46]) and having been reproduced in car-
diac tissue models [49-52]. As a result of a premature
ectopic activation within the atrium initiating a wave-
front, which collides with the previous sinus beat (and

A B
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Conduction velocity is substantially affected by wave front curvature.
As a consequence, a convex wavefront (A) is associated with a
dispersed current, and thus, propagation slowing of the current
ahead of the wavefront, whereas a concave wavefront (B) accelerates
propagation.

Figure 3

The leading-circle concept. Activity in form of a reentry circuit
establishes itself in a smallest possible loop that permits the wave

to propagate. Inside the leading circle, multiple impulses propagating
centripetally render the core tissue refractory and extinguish.
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thus encountering its refractory and recovery front),
this may serve as a typical scenario: The propagation of
the ectopic wavefront may collide and block sooner or
later at the edge of not-recovered and thus refractory
tissue. At the moment, when the latter regains excita-
bility it is activated by the premature wavefront, gen-
erating a curve continuously following the recovery
front until a complete revolution is achieved. The point,
where excited and refractory tissues collide is called
the “phase singularity” [46]. Of note, the radius of the
wavefront curvature decreases towards the vortex of
the rotor where conduction velocity is infinitesimal due
to a source-sink mismatch. Currently, this hypothesis
is considered the most popular of reentrant mecha-
nisms in AF despite its main shortcoming, namely the
fact it has never been reliably documented in humans.
Such “putative” rotors have gained much attention after

Figure 4

Spiral wave model (adapted from [48]).

Top: A schematic illustration of the activation (with arrows) and
repolarisation (inner curvature without arrows) front of a meandering
self-sustained spiral wave rotating around a microreentrant circuit
(dotted circle).

Bottom: Various trajectories of the spiral wave. Of note, these
trajectories produce irregular local activation pattern and frequency.
Circular.

Hypocycloidal.

Epicycloidal.

Hypermeandering.

Cycloidal.

Linear.

MmO N W >
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having been shown to be associated with sustained
freedom from AF when successfully ablated [7, 53].
Furthermore, these rotors are also thought to act as pe-
riodic background foci generating wavefronts, which
may break up into multiple wavelets when encounter-
ing anatomical obstacles such as orifices or scar tissue.
The recent progress in electroanatomical and novel
body surface mapping systems may soon permit their
reliable verification or identification.

Multiple-circuit reentry / multiple-wavelet
hypothesis

Our current understanding of AF maintaining mecha-
nisms are also partly based on observations gained
through computer modelling and key experiments in
the early 1960s. Moe and coworkers described probably
the most frequent common final pathway in sustained
AF, namely an irregular wavefront fractionating and
dividing into independent and eventually unstable
daughter wavelets after having collided with islets or
strands of refractory tissue [54]. These daughter wave-
lets show a very rapid activity with a variable and very
short cycle length, may divide again, collide with each
other and/or extinguish when encountering refractory
tissue (functional block) or sites of slow conduction.
Finally, numerous wavelets guarantee the sustenance
of AF, particularly when advanced structural and elec-
trical remodelling processes are present, favouring
their “survival”. However, proving that multiple wave-
lets may be the main mechanism for AF-related reen-
try is challenging, since this would basically require a
differentiation from other mechanisms such as the
above-mentioned ones or fibrillatory conduction re-
mote from the site of interest (see below). So far, we are
not able to identify every single local source of AF-re-
lated reentry, which is also why this concept keeps its
hypothetical nature.

Focus with fibrillatory conduction

Less frequently, a single, very rapidly firing focus (PV
or non-PV) may be identified as the initiating and
maintaining mechanism of AF. In these cases, an
ectopic focal activity has been shown to propagate into
the atria encountering partly recovered and refractory
tissue. Of note, the cycle length of such a driver is by
definition shorter than the refractory periods of the
adjacent tissue, which is why not all the tissue of that
cardiac chamber can be depolarised in a regular 1:1
fashion and irregular, fibrillatory conduction and frag-
mented activation may result [44].

Typical atrial flutter and atrial fibrillation

Typical atrial flutter (AFL) and AF frequently coexist,
however, whether they are causally related remains
unclear. This not least, since the substrate of AFL is
right atrial while AF is considered to be mainly a LA-
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related arrhythmia. In the past years, many predomi-
nantly experimental studies have investigated this
phenomenon and built the basis for different possible
explanatory scenarios [565—-58]. Hereby, AFL may either
play an active role as an AF-trigger or “mother wave”
sustaining AF or occur passively after cessation of AF
and AF-triggering and maintaining factors (PV ectopy,
left atrial substrate). Of note, it has been suggested
that the latter scenario may possibly necessitate a
right atrial substrate such as a critically sized poste-
rior intercaval block zone. However, current evidence
has emphasised that AF is not a precondition for AFL
to be induced and vice versa and that both arrhythmias
may have similar triggers, such as e.g., atrial ectopics,
which may remain residually once typical AF-triggers
are ablated. Accordingly, AFL has been shown to be
inducible by such triggers without any documentation
of AF [58, 59].

Clinical implications of the pathophysiological
concepts

Linking the diversity of risk factors and pathomecha-
nisms leading to AF and the understanding of involved
pathophysiological concepts may yield an improved
performance in AF prevention and treatment. Accord-
ingly, we keep implementing more and more innovative
diagnostic as well as therapeutical approaches direct-
ing towards specific targets. Emerging approaches are
non-invasive three-dimensional electroanatomical and
body surface mapping systems with increasing spatial
and temporal resolution, catheter-based multielectrode
diagnostic and combined ablation catheters and spe-
cific pharmacological blockade or current enhancement
of atrial Na* or K*-channels. Although these currently
available novel invasive and non-invasive tools do not
allow a comprehensive exhaustion of our knowledge of
AF-related mechanisms, they may at least pave the
way for further improvement and selective and tailored
therapy.

References

1 Heeringa J, van der Kuip DA, Hofman A, et al. Prevalence, incidence
and lifetime risk of atrial fibrillation: the Rotterdam study. Eur Heart
J.2006;27:949-53.

Kannel WB, Abbott RD, Savage DD, McNamara PM. Epidemiologic fea-

tures of chronic atrial fibrillation: the Framingham study. N Engl J

Med. 1982;306:1018-22.

Corradi D, Callegari S, Maestri R, Benussi S, Alfieri O. Structural re-

modeling in atrial fibrillation. Nat Clin Pract Cardiovasc Med. 2008;5:

782-96.

4 Nattel S. New ideas about atrial fibrillation 50 years on. Nature.
2002;415:219-26.

5 Allessie MA, Boyden PA, Camm AJ, et al. Pathophysiology and preven-
tion of atrial fibrillation. Circulation. 2001;103:769-77.

6 Namdar M, Gentil-Baron P, Sunthorn H, Burri H, Shah D. Inducibility
of Sustained Atrial Fibrillation after Pulmonary Vein Isolation is an
Indicator of Structural and Electrical Remodeling in Paroxysmal Atrial
Fibrillation Patients. unpublished data.

[

w

Cardiovascular Medicine 2014;17(10):277-282 281



10

1

—

12

13

14

15

16

17

18

19

20

2

=

22

23

24

25

26

27

28

29

30

3

—_

32

Narayan SM, Baykaner T, Clopton P, et al. Ablation of rotor and focal
sources reduces late recurrence of atrial fibrillation compared with trig-
ger ablation alone: extended follow-up of the CONFIRM trial (Conven-
tional Ablation for Atrial Fibrillation With or Without Focal Impulse
and Rotor Modulation). J Am Coll Cardiol. 2014;63:1761-8.

Andrade J, Khairy P, Dobrev D, Nattel S. The clinical profile and patho-
physiology of atrial fibrillation: relationships among clinical features,
epidemiology, and mechanisms. Circ Res. 2014;114:1453-68.

Wijffels MC, Kirchhof CJ, Dorland R, Allessie MA. Atrial fibrillation be-
gets atrial fibrillation. A study in awake chronically instrumented goats.
Circulation. 1995;92:1954—68.

Morillo CA, Klein GdJ, Jones DL, Guiraudon CM. Chronic rapid atrial
pacing. Structural, functional, and electrophysiological characteristics
of a new model of sustained atrial fibrillation. Circulation. 1995;91:
1588-95.

Rensma PL, Allessie MA, Lammers WJ, Bonke FI, Schalij MdJ. Length
of excitation wave and susceptibility to reentrant atrial arrhythmias in
normal conscious dogs. Circ Res. 1988;62:395-410.

Wakili R, Voigt N, Kaab S, Dobrev D, Nattel S. Recent advances in the
molecular pathophysiology of atrial fibrillation. J Clin Invest. 2011;121:
2955-68.

Coetzee WA, Opie LH. Effects of components of ischemia and metabolic
inhibition on delayed afterdepolarizations in guinea pig papillary mus-
cle. Circ Res. 1987;61:157-65.

Katra RP, Laurita KR. Cellular mechanism of calcium-mediated trig-
gered activity in the heart. Circ Res. 2005;96:535-42.

Dobrev D, Voigt N, Wehrens XH. The ryanodine receptor channel as a
molecular motif in atrial fibrillation: pathophysiological and therapeu-
tic implications. Cardiovasc Res. 2011;89:734—43.

Ming Z, Nordin C, Aronson RS. Role of L-type calcium channel window
current in generating current-induced early afterdepolarizations. J Car-
diovasc Electrophysiol. 1994;5:323-34.

Ausma J, Wijffels M, Thone F, Wouters L, Allessie M, Borgers M. Struc-
tural changes of atrial myocardium due to sustained atrial fibrillation
in the goat. Circulation. 1997;96:3157-63.

Aime-Sempe C, Folliguet T, Rucker-Martin C, et al. Myocardial cell
death in fibrillating and dilated human right atria. J Am Coll Cardiol.
1999;34:1577-86.

Hanna N, Cardin S, Leung TK, Nattel S. Differences in atrial versus
ventricular remodeling in dogs with ventricular tachypacing-induced
congestive heart failure. Cardiovasc Res. 2004;63:236—44.

Cardin S, Li D, Thorin-Trescases N, Leung TK, Thorin E, Nattel S. Evo-
lution of the atrial fibrillation substrate in experimental congestive
heart failure: angiotensin-dependent and -independent pathways. Car-
diovasc Res. 2003;60:315-25.

Kostin S, Klein G, Szalay Z, Hein S, Bauer EP, Schaper J. Structural
correlate of atrial fibrillation in human patients. Cardiovasc Res. 2002;
54:361-79.

Xu J, Cui G, Esmailian F, et al. Atrial extracellular matrix remodeling
and the maintenance of atrial fibrillation. Circulation. 2004;109:363-8.
Verheule S, Tuyls E, Gharaviri A, et al. Loss of continuity in the thin
epicardial layer because of endomysial fibrosis increases the complex-
ity of atrial fibrillatory conduction. Circ Arrhythm Electrophysiol. 2013;
6:202-11.

Banerjee I, Fuseler JW, Price RL, Borg TK, Baudino TA. Determination
of cell types and numbers during cardiac development in the neonatal
and adult rat and mouse. Am J Physiol Heart Circ Physiol. 2007;293:
H1883-91.

Rohr S. Arrhythmogenic implications of fibroblast-myocyte interactions.
Circ Arrhythm Electrophysiol. 2012;5:442-52.

Yue L, Xie J, Nattel S. Molecular determinants of cardiac fibroblast elec-
trical function and therapeutic implications for atrial fibrillation. Car-
diovasc Res. 2011;89:744-53.

Camelliti P, Borg TK, Kohl P. Structural and functional characterisa-
tion of cardiac fibroblasts. Cardiovasc Res. 2005;65:40-51.

Gaudesius G, Miragoli M, Thomas SP, Rohr S. Coupling of cardiac elec-
trical activity over extended distances by fibroblasts of cardiac origin.
Circ Res. 2003;93:421-8.

Burstein B, Qi XY, Yeh YH, Calderone A, Nattel S. Atrial cardiomyocyte
tachycardia alters cardiac fibroblast function: a novel consideration in
atrial remodeling. Cardiovasc Res. 2007;76:442-52.

Benjamin EJ, Levy D, Vaziri SM, D’Agostino RB, Belanger AJ, Wolf PA.
Independent risk factors for atrial fibrillation in a population-based
cohort. The Framingham Heart Study. JAMA. 1994;271:840—4.
Sanfilippo AJ, Abascal VM, Sheehan M, et al. Atrial enlargement as a
consequence of atrial fibrillation. A prospective echocardiographic study.
Circulation. 1990;82:792-17.

Welikovitch L, Lafreniere G, Burggraf GW, Sanfilippo AJ. Change in
atrial volume following restoration of sinus rhythm in patients with

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

REVIEW ARTICLE

atrial fibrillation: a prospective echocardiographic study. Can J Cardiol.
1994;10:993-6.

Haissaguerre M, Jais P, Shah DC, et al. Spontaneous initiation of atrial
fibrillation by ectopic beats originating in the pulmonary veins. N Engl
J Med. 1998;339:659-66.

Ho SY, Sanchez-Quintana D, Cabrera JA, Anderson RH. Anatomy of the
left atrium: implications for radiofrequency ablation of atrial fibrilla-
tion. J Cardiovasc Electrophysiol. 1999;10:1525-33.

Ho SY, Cabrera JA, Tran VH, Farre J, Anderson RH, Sanchez-Quintana
D. Architecture of the pulmonary veins: relevance to radiofrequency ab-
lation. Heart. 2001;86:265-70.

Saito T, Waki K, Becker AE. Left atrial myocardial extension onto pul-
monary veins in humans: anatomic observations relevant for atrial ar-
rhythmias. J Cardiovasc Electrophysiol. 2000;11:888-94.
Haissaguerre M, Jais P, Shah DC, et al. Catheter ablation of chronic
atrial fibrillation targeting the reinitiating triggers. J Cardiovasc Elec-
trophysiol. 2000;11:2-10.

Chen YJ, Chen SA. Electrophysiology of pulmonary veins. J Cardiovasc
Electrophysiol. 2006;17:220—4.

Anselmino M, Ferraris F, Cerrato N, Barbero U, Scaglione M, Gaita F.
Left persistent superior vena cava and paroxysmal atrial fibrillation:
the role of selective radio-frequency transcatheter ablation. J Cardio-
vasc Med (Hagerstown). 2014;15:647-52.

Chen SA, Hsieh MH, Tai CT, et al. Initiation of atrial fibrillation by ec-
topic beats originating from the pulmonary veins: electrophysiological
characteristics, pharmacological responses, and effects of radiofre-
quency ablation. Circulation. 1999;100:1879-86.

Corradi D, Callegari S, Gelsomino S, Lorusso R, Macchi E. Morphology
and pathophysiology of target anatomical sites for ablation procedures
in patients with atrial fibrillation. Part I: atrial structures (atrial myo-
cardium and coronary sinus). Int J Cardiol. 2013;168:1758—-68.

Nattel S, Burstein B, Dobrev D. Atrial remodeling and atrial fibrilla-
tion: mechanisms and implications. Circ Arrhythm Electrophysiol.
2008;1:62-73.

Zou R, Kneller J, Leon LdJ, Nattel S. Substrate size as a determinant of
fibrillatory activity maintenance in a mathematical model of canine
atrium. Am J Physiol Heart Circ Physiol. 2005;289:H1002-12.
Schotten U, Verheule S, Kirchhof P, Goette A. Pathophysiological mech-
anisms of atrial fibrillation: a translational appraisal. Physiol Rev. 2011;
91:265-325.

Allessie MA, Bonke FI, Schopman FJ. Circus movement in rabbit atrial
muscle as a mechanism of trachycardia. Circ Res. 1973;33:54-62.
Comtois P, Kneller J, Nattel S. Of circles and spirals: bridging the gap
between the leading circle and spiral wave concepts of cardiac reentry.
Europace. 2005;7(Suppl 2):10-20.

Jalife J, Berenfeld O, Mansour M. Mother rotors and fibrillatory con-
duction: a mechanism of atrial fibrillation. Cardiovasc Res. 2002;54:
204-16.

Fenton FH, Cherry EM, Hastings HM, Evans SJ. Multiple mechanisms
of spiral wave breakup in a model of cardiac electrical activity. Chaos.
2002;12:852-92.

Winfree AT. Spiral waves of chemical activity. Science. 1972;175:634-6.
Zaikin AN, Zhabotinsky AM. Concentration wave propagation in two-
dimensional liquid-phase self-oscillating system. Nature. 1970;225:
535-7.

van Capelle FJ, Durrer D. Computer simulation of arrhythmias in a
network of coupled excitable elements. Circ Res. 1980;47:454—66.
Winfree AT. Varieties of spiral wave behavior: An experimentalist’s ap-
proach to the theory of excitable media. Chaos. 1991;1:303-34.
Haissaguerre M, Hocini M, Shah AJ, et al. Noninvasive panoramic map-
ping of human atrial fibrillation mechanisms: a feasibility report. J Car-
diovasc Electrophysiol. 2013;24:711-7.

Moe GK, Rheinboldt WC, Abildskov JA. A Computer Model of Atrial
Fibrillation. Am Heart J. 1964;67:200—-20.

Roithinger FX, Lesh MD. What is the relationship of atrial flutter and
fibrillation? Pacing Clin Electrophysiol. 1999;22:643-54.

Waldo AL. Mechanisms of atrial flutter and atrial fibrillation: distinct
entities or two sides of a coin? Cardiovasc Res. 2002;54:217-29.

Hsieh MH, Tai CT, Tsai CF, et al. Mechanism of spontaneous transition
from typical atrial flutter to atrial fibrillation: role of ectopic atrial fi-
brillation foci. Pacing Clin Electrophysiol. 2001;24:46-52.

Shah DC, Sunthorn H, Burri H, Gentil-Baron P. Evaluation of an indi-
vidualized strategy of cavotricuspid isthmus ablation as an adjunct to
atrial fibrillation ablation. J Cardiovasc Electrophysiol. 2007;18:926—
30.

Olgin JE, Kalman JM, Saxon LA, Lee RJ, Lesh MD. Mechanism of
initiation of atrial flutter in humans: site of unidirectional block and
direction of rotation. J Am Coll Cardiol. 1997;29:376-84.

Cardiovascular Medicine 2014;17(10):277-282 282



