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morbidity and mortality, and its prevalence has increased during the past few decades. In
the past few years, the recent understanding of the diverse mechanisms of this arrhythmia
has led to the improvement of our therapeutic strategies. However, many clinicians have
still felt the frustration in management of this commonly encountered arrhythmia.

This book contains a spectrum of different topics from bench to bedside in atrial fibrillation. We
try to introduce the most recent advancement of mechanisms and treatment of AF including
genetics, calcium signaling, thrombogenesis, signal analysis, upstream therapies focus on re‐
nin-angiotensin-aldosterone system inhibitors, antioxidants and n-3 polyunsaturated fatty
acids, and anticoagulation issues. I strongly believe that scientists, cardiologists and electro‐
physiologists will find this book very informative and useful. The references cited in each
chapter will definitely act as additional source of information for readers.

I am grateful to the all the authors who contributed to this book with their valuable experi‐
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Dejan Grgur, who guided me through the publication process step by step. I would also like
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plore the wonderful world of arrhythmia. Finally, special thanks to my family – wife, Lijian,
and son, Yujie, who provided continuous inspiration and support to my work.
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Chapter 1

Atrial Fibrillation and the Renin-Angiotensin-
Aldosterone System

Stefano Perlini, Fabio Belluzzi,
Francesco Salinaro and Francesco Musca

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53917

1. Introduction

Atrial  fibrillation (AF)  is  the  most  common cardiac  arrhythmia,  affecting approximately
1% of the general population and up to 8% of subjects over the age of 80 years.[1] AF is
a major contributor to cardiovascular mortality and morbidity, being associated with de‐
creased  quality  of  life,  increased  incidence  of  congestive  heart  failure,[2]  embolic  phe‐
nomena,  including  stroke,[2,3]  and  a  30  %  higher  risk  of  death.[3,4]  AF-associated
morbidity  includes  a  four-  to  five-fold  increased  risk  for  stroke,  [2,5]  a  two-fold  in‐
creased risk for dementia,[6,7] and a tripling of risk for heart failure.[5] According to the
Framingham Study,  the  percentage  of  strokes  attributable  to  AF increases  steeply  from
1.5% at 50–59 years of age to 23.5% at 80–89 years of age, [2] and the presence of AF ac‐
counts  for  a  50–90%  increased  risk  for  overall  mortality.[3]  From  the  viewpoint  of  the
AF-related  socio-economic  burden,  it  has  been  estimated  that  it  is  consuming  between
0.9% and 2.4% of  total  National  Health  Service  expenditure  in  the  UK,[8]  while  in  the
USA,  total  costs  are  8.6–22.6%  higher  for  AF  patients  in  all  age-  and  sex-  population
strata.[9]  Therefore  significant  clinical,  human,  social  and economical  benefits  are  there‐
fore expected from any improvement in AF prevention and treatment.

It has to be noted that although multiple treatment options are currently available, no single
modality is effective for all patients.[10] AF can occasionally affect a structurally normal
heart of otherwise healthy individuals (so-called “lone AF”)[11], but most typically it occurs
in subjects with previous cardiovascular damage due to hypertension, coronary artery dis‐
ease and diabetes. Moreover, it can be associated with clinical conditions such as hyperthyr‐
oidism, acute infections, recent cardiothoracic or abdominal surgery, and systemic

© 2013 Perlini et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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inflammatory diseases. Whatever the cause, AF is characterized by very rapid, chaotic elec‐
trical activity of the atria, resulting in accelerated and irregular ventricular activity, loss of
atrial mechanical function and increased risk of atrial clot formation.

Many studies have shown that the recurrence of AF may be partially related to a phenomen‐
on known as “atrial remodeling”, in which the electrical, mechanical, and structural proper‐
ties of the atrial tissue and cardiac cells are progressively altered, creating a more favorable
substrate for AF development and maintenance.[12,13] Atrial remodeling is both a cause
and a consequence of the arrhythmia, and in recent years it has become more and more evi‐
dent that treatment should also be based on an “upstream” therapy[14,10] aimed at modify‐
ing the arrhythmia substrate and at reducing the extent of atrial remodelling.

2. Atrial remodeling: electrical and structural factors

According to  Coumel´s  triangle  of  arrhythmogenesis,  three  cornerstones  are  required in
the  onset  of  clinical  arrhythmia[15]  –  the  arrhythmogenic  substrate,  the  trigger  factor
and the modulation factors such as autonomic nervous system or inflammation. Once es‐
tablished,  AF  itself  alters  electrical  and  subsequently  structural  properties  of  the  atrial
tissue  and these  changes  cause  or  “beget”  further  AF self-perpetuation.[12]  The mecha‐
nisms  responsible  for  the  onset  and  persistence  of  the  arrhythmia  involve  electrical  as
well as structural determinants, that are very complex and yet poorly understood. From
the electrical standpoint,  there is still  debate on the three models that were proposed in
1924[16]  by  Garrey  for  describing  the  mechanisms  of  spatiotemporal  organization  of
electrical  activity  in  the  atria  during AF.  According to  the  focal  mechanism theory,  AF is
provoked and perhaps also driven further by the rapid firing of a single or multiple ec‐
topic foci, whereas the single circuit re-entry theory assumes the presence of a single dom‐
inant re-entry circuit,  and the multiple  wavelet  theory  postulates the existence of  multiple
reentry  circuits  with  randomly  propagating  wave-fronts  that  must  find  receptive  tissue
in  order  to  persist.[17]  It  has  to  be  recognized  that  all  three  models  are  non-exclusive
and each may be applicable to certain subgroups of AF patients,  or that they may even
coexist  in  the  same  subject  during  different  stages  of  AF  development.  Moreover,  AF
persistence  is  associated  with  modifications  in  the  atrial  myocyte  electrical  properties
(the  so-called  electrical  remodeling),  that  may  stabilize  the  arrhythmia  by  decreasing  the
circuit size.  The electrophysiological properties of the atrial  myocardium may be further
modified  by  changes  in  autonomic  nervous  system  activity  as  well  as  by  the  interfer‐
ence of drugs and hormones, that may therefore participate in arrhythmogenesis.

Beyond these electrical determinants, AF onset and persistence may be affected by the struc‐
tural factors, such as the dimensions and geometry of the atrial chambers, the atrial tissue
structure and the amount and the composition of the extracellular matrix surrounding the
atrial myocytes (i.e. structural remodeling). Together, these alterations create an arrhythmo‐
genic substrate essential for the persistence of AF. Atrial structure is modified by volume
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and pressure overload, due to either mitral valve disease or left ventricular diastolic dys‐
function in the setting of arterial hypertension, coronary artery disease or aortic valve dis‐
ease. Also diabetes is associated with changes in atrial structure and function. It is not
therefore surprising that all these clinical conditions are associated with an increased AF in‐
cidence and prevalence. Beyond being a possible substrate for AF onset, atrial structure is
profoundly altered by the effects of rapid atrial rate. Prolonged rapid atrial pacing induces
changes in atrial myocytes such as an increase in cell-size, myocyte lysis, perinuclear accu‐
mulation of glycogen, alterations in connexin expression, fragmentation of sarcoplasmic re‐
ticulum and changes in mitochondrial shape.[18] Moreover, structural remodeling is
characterized by changes in extracellular matrix composition, with both diffuse interstitial
and patchy fibrosis.[19] All these alterations results in electrical tissue non-homogeneity,
slowed conduction and electrical uncoupling, that facilitate AF continuation. In contrast to
electrical remodeling, structural changes are far less reversible and they tend to persist even
after sinus rhythm restoration. Among the several mechanisms and signaling pathways in‐
volved in structural remodeling and atrial fibrosis, a key role is played by the renin-angio‐
tensin system, and by the transforming growth-factor β1 (TGF-β1) pathway, associated with
tissue inflammation[19] and reactive oxygen species production.[20,21]

Profibrotic signals act on the balance between matrix metalloproteinases (MMPs) – the main
enzymes responsible for extracellular matrix degradation – and their local tissue inhibitors
(TIMPs), that can be differentially altered in compensated as opposed to decompensated
pressure-overload hypertrophy.[22-25] Furthermore, profibrotic signals stimulate the prolif‐
eration of fibroblasts and extracellular deposition of fibronectin, collagens I and III, prote‐
glycans and other matrix components. In a canine model of congestive heart failure, Li et al.
showed that the development of atrial fibrosis is angiotensin-II dependent,[26] via mecha‐
nisms that are partly mediated by the local production of cytokine TGF-β1.[27] In transgenic
mice, overexpression of the latter cytokine has been shown to lead to selective atrial fibrosis,
increased conduction heterogeneity and enhanced AF susceptibility, despite normal atrial
action potential duration and normal ventricular structure and function.[28]

3. The renin-angiotensin-aldosterone system (RAAS) as a “novel” risk
factor for AF

Among many others, two factors contribute to the search of different therapeutic ap‐
proaches to AF specifically targeting substrate development and maintenance:[29] the recog‐
nition of novel risk factors for the development of this arrhythmia and the well-known
limitations of the current antiarrhythmic drug therapy to maintain sinus rhythm, still having
inadequate efficacy and potentially serious adverse effects.[30] In this setting, the inhibition
of the renin-angiotensin-aldosterone system (RAAS) has been considered useful in both pri‐
mary and secondary prevention of AF, particularly in patients presenting left ventricular
hypertrophy (LVH) or heart failure. The RAAS is a major endocrine/paracrine system in‐
volved in the regulation of the cardiovascular system.[31] Its key mediator is angiotensin II,
an octapeptide that is cleaved from the liver-derived 485-aminoacid precursor angiotensino‐
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of the renin-angiotensin-aldosterone system (RAAS) has been considered useful in both pri‐
mary and secondary prevention of AF, particularly in patients presenting left ventricular
hypertrophy (LVH) or heart failure. The RAAS is a major endocrine/paracrine system in‐
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gen through a process involving the enzymatic activities of renin and angiotensin convert‐
ing enzyme (ACE). Two main angiotensin II receptors exist, i.e angiotensin II type 1 (AT1)
and type 2 (AT2). AT1-receptor mediated pathways lead to vasoconstriction, water retention,
increased renal tubular sodium reabsorption, stimulation of cell growth and connective tis‐
sue deposition, and impaired endothelial function. AT2-receptor has opposing effects, inas‐
much as it mediates vasodilation, decreases renal tubular sodium reabsorption, inhibits cell
growth and connective tissue deposition, and improves endothelial function. These two an‐
giotensin receptors have different expression patterns, AT1 being constitutively expressed in
a wide range of tissues of the cardiovascular, renal, endocrine, and nervous system, and AT2

expression being activated during stress conditions.[32] It is becoming increasingly evident
that all these mechanisms are involved in atrial remodeling and hence in AF development
and maintenance. Moreover, among the other biologically active RAAS components that are
involved in these processes, angiotensin-(1-7) [Ang-(1-7)] seems to be particularly impor‐
tant. In an experimental canine model of chronic atrial pacing, Ang-(1-7) has been shown to
reduce AF vulnerability and atrial fibrosis,[33] influencing atrial tachycardia-induced atrial
ionic remodeling. [34]

Among the compounds that may interfere RAAS four classes of drugs are particularly rele‐
vant in cardiovascular therapy: angiotensin receptor blockers (ARBs), ACE inhibitors
(ACEIs), aldosterone antagonists and direct renin inhibitors. ARBs directly block AT1 recep‐
tor activation, ACEIs inhibit ACE-mediated production of angiotensin II, and the recently
developed direct renin inhibitor aliskiren blocks RAAS further upstream.[32,35,36] Over the
last decade, these drugs have been tested in the setting of AF treatment and prevention.

4. The role of RAAS in the pathogenesis of AF

4.1. Atrial stretch and AF

Atrial arrhythmias frequently occur under conditions associated with atrial dilatation and
increased atrial pressure, causing atrial tissue stretch and modifying atrial refractoriness,
and it has been shown in several animal as well as clinical models.[37-40] These factors in‐
crease susceptibility to AF, that is associated with shortening of the atrial effective refractory
period (AERP), possibly by opening of stretch-activated ion channels. In the setting of arteri‐
al hypertension and congestive heart failure (CHF), angiotensin II has been associated with
increased left atrial and left ventricular end-diastolic pressure,[41] and both ACEIs and
ARBs have been shown to reduce left atrial pressure.[42-45] Therefore, one potential mecha‐
nism by which ACEIs and ARBs may reduce atrial susceptibility to AF is by reducing atrial
stretch. Many other mechanisms appear to be involved in the antiarrhythmic properties of
RAAS inhibition, and in an animal model of ventricular tachycardia-induced CHF it has
been shown that ACE inhibition is more successful than hydralazine/isosorbide mononitrate
association in reducing burst pacing-induced AF promotion, despite a similar reduction in
left atrial pressure.[26] As described below, angiotensin II-mediated mechanisms contribute
to both structural and electrical remodeling of the atrial tissue.
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4.2. The role of RAAS in structural remodeling

Atrial fibrosis causes conduction heterogeneity, hence playing a key role in the development
of a vulnerable structural substrate for AF, and the proinflammatory and profibrotic effects
of angiotensin II have been extensively described.[46-48] Excessive fibrillar collagen deposi‐
tion, resulting from deregulated extracellular matrix metabolism, leads to atrial fibrosis, and
it has been shown that angiotensin II has a direct effect in stimulating cardiac fibroblast pro‐
liferation and collagen synthesis, via AT1 receptor – mediated mechanisms involving a mito‐
gen-activated protein kinases (MAPKs) phosphorylation pathway. [49-51] The latter cascade
is inhibited by AT2 receptor activation, that has an antiproliferative effects.[52] Moreover,
cardiac fibroblast function is modulated by angiotensin II through mechanisms involving
TGF-1, osteopontin (OPN), and endothelin-1 (ET-1). [49,53-55] Interestingly, Nakajima and
coworkers showed that selective atrial fibrosis, conduction heterogeneity, and AF propensi‐
ty are enhanced in a TGFβ1 cardiac overexpression transgenic mice model,[56] as also con‐
firmed by others.[27,28]

Beyond having both direct and indirect effects on collagen synthesis, angiotensin II inter‐
feres with collagen degradation by modulating interstitial matrix metalloproteinase (MMP)
activity and tissue inhibitor of metalloproteinase (TIMP) concentrations,[52] and an atrial
tissue imbalance between MMPs and TIMPs has been reported in both clinical and animal
studies on AF. [52,57] Goette and coworkers showed increased atrial expression of ACE and
increased activation of the angiotensin II-related intracellular signal transduction pathway
in human atrial tissue derived from AF patients,[58] and atrial overexpression of angioten‐
sin II has also been shown in a canine model of ventricular tachycardia-induced CHF[26,59]
In transgenic mice experiments with cardiac-restricted ACE overexpression, Xiao et al. have
demonstrated that elevated atrial tissue angiotensin II concentrations stimulates atrial fibro‐
sis and hence an AF-promoting substrate.[60] In contrast, RAAS inhibition reduces tissue
angiotensin II concentration, and attenuates atrial structural remodeling and fibrosis, there‐
by contrasting AF maintenance.[26,59,61-64]

4.3. The role of RAAS in electrical remodeling

Electrical remodeling has been hypothesized as a main mechanism by which, once estab‐
lished,  “AF  begets  further  AF”  self-perpetuation.[12]  In  the  clinical  practice,  this  phe‐
nomenon is evident when considering that over time it becomes more and more difficult
to  keep  in  sinus  rhythm  a  patient  with  AF.  The  concept  of  electrical  remodeling  has
been  originally  proposed  by  Wijffels  et  al.[12]  to  explain  the  experimental  observation
that when AF is maintained artificially, the duration of burst pacing-induced paroxysms
progressively  increases  until  AF  becomes  sustained.  This  indicates  that  AF  itself  alters
the atrial  tissue electrical  properties,  thereby developing a functional  substrate that  pro‐
motes AF perpetuation and may involve alterations in ionic  currents  and in excitability
cellular properties.[65] In their study, Wijffels et al. demonstrated that the increased pro‐
pensity  to  AF  is  associated  with  shortening  of  the  atrial  effective  refractory  period
(AERP) in accordance with the multiple wavelet  theory,[12]  a mechanism that  was sub‐
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sequently  attributed to  a  reduction of  action potential  duration (APD) secondary to  the
progressive downregulation of the transient outward current (Ito)  and of the L-typeCa2+

current (ICa,L).[66] As to the modulation of the ICa,L current,  the role of angiotensin II
is  controversial,  with  studies  reporting  increase,  decrease,  or  even  no  effect.[29,67]  In
contrast,  angiotensin  II  has  been demonstrated to  downregulate  Ito  current,[68,67]  inas‐
much  as  AT1  receptor  stimulation  leads  to  internalization  of  the  Kv4.3  (i.e.,  the  pore-
forming  α-subunit  underlying  Ito),  regulating  its  cell-surface  expression.[68]  As  shown
by Liu  and coworkers,  chronic  Ang-(1-7)  infusion  prevented  the  decrease  of  Ito,  ICa,L,
and of Kv4.3 mRNA expression induced by chronic atrial  pacing, [34] thereby contribu‐
ting  to  reduce  AF  vulnerability.[33]  Subsequently,  Nakashima  et  al.  showed  that  ACEI
or ARB treatment results  in complete inhibition of  the shortening of  AERP, that  is  nor‐
mally induced by rapid atrial pacing.[69] A further mechanism by which the RAAS may
exert  a  proarrhythmic  effect  is  the  modulation  of  gap junctions,  that  are  low-resistance
pathways for the propagation of impulses between cardiomyocytes formed by connexins
(Cx).[70]  Cx40 gene polymorphisms have been associated with  the  development  of  non
familial  AF,[71]  and angiotensin II  has  been implicated in Cx43 downward remodeling.
[72-74] Moreover, angiotensin II directly induces delayed after-depolarizations and accel‐
erates  the automatic  rhythm of  isolated pulmonary vein cardiomyocytes.[75]  These cells
are considered an important source of ectopic beats and of atrial  fibrillation bursts,  rep‐
resenting  the  target  of  AF  treatment  with  radio-frequency  ablation.[76]  Therefore  these
experimental  results  demonstrate that  angiotensin II  may play a role in the pathophysi‐
ology of  atrial  fibrillation also  by modulating the  pulmonary vein  electrical  activity  via
an  electrophysiological  effect  that  was  shown to  be  AT1  receptor  –  mediated,  being  in‐
hibited by losartan, [75] and that is attenuated by heat-stress responses.[77] Recently, al‐
so the  direct  renin inhibitor  aliskiren was shown to  reduce the  arrhythmogenic  activity
of  pulmonary  vein  cardiomyocytes.[36]  It  has  also  been  demonstrated  that  aldosterone
promotes atrial fibrillation, causing a substrate for atrial arrhythmias characterized by at‐
rial fibrosis,  myocyte hypertrophy, and conduction disturbances,[78] and the specific an‐
tagonist  spironolactone  has  been  shown  to  prevent  aldosterone-induced  increased
duration of atrial fibrillation in a rat model.[79]

4.4. RAAS gene polymorphisms and AF

The ACE DD (deletion/deletion) genotype of the ACE gene has been shown to be a predis‐
posing factor for persistent AF,[80] and it was recently reported that the same genotype is
associated with lowest rates of symptomatic response in patients with lone AF.[81] More‐
over, polymorphisms of the angiotensinogen gene have also been associated with nonfami‐
lial AF,[82] and it has been shown that significant interactions exist between
angiotensinogen gene haplotypes and ACE I/D (insertion/deletion) polymorphism resulting
in increased susceptibility to AF.[83,84] Also aldosterone synthase (CYP11B2) T-344C poly‐
morphism, which is associated with increased aldosterone activity, was shown to be an in‐
dependent predictor of AF in patients with HF.[85] According to Sun and coworkers, this
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aldosterone synthase gene polymorphism might also be associated with atrial remodelling
in hypertensive patients.[86]

5. Atrial fibrillation and the renin-angiotensin-aldosterone system
(RAAS): Clinical observations

A possible  relationship between the  RAAS and the  risk  of  developing AF was brought
about  by  several  clinical  data,  derived from patient  series  in  different  settings,  that  are
here summarized.

5.1. Heart failure

In heart  failure,  several  observations indicate a possible effect  of  RAAS inhibition in re‐
ducing  the  incidence  of  new  onset  AF.  In  a  retrospective  analysis  of  the  SOLVD  trial,
Vermes et al. showed that enalapril reduces the risk of AF development in patients with
various degrees  of  heart  failure.[87]  Similarly,  Maggioni  et  al.  demonstrated that  use  of
the ARB valsartan is associated with a reduction in the risk of AF in the Val-HeFT trial
population.[88]  Since  the  vast  majority  of  these  patients  (92.5%)  were  already receiving
an ACEI, a combination effect was hypothesized, and the benefit of combined treatment
with both an ARB and an ACEI was also supported by the results of the CHARM trial
with  candesartan.[89]  The  latter  study  was  composed  by  three  component  trials  based
on left ventricular ejection fraction (LVEF) and ACEI treatment. CHARM-Alternative tri‐
al  enrolled  patients  with  LVEF  ≤40%  not  treated  with  ACEIs  because  of  prior  intoler‐
ance, CHARM-Added recruited patients with LVEF ≤40% already treated with an ACEI,
and CHARM-Preserved included patients  with  LVEF >40%,  independent  of  ACEI treat‐
ment. The incidence of new-onset AF was reduced in candesartan-treated patients, espe‐
cially  (but  not  exclusively)  in  the  CHARM-Alternative  trial.[89]  These  data  indicate
additional  benefits  in  AF  prevention,  on  the  top  of  the  already  known  effects  of
ACEI/ARB treatment in patients with heart failure.

5.2. Post-MI

After an acute myocardial infarction, treatment with the ACEI trandolapril reduced the inci‐
dence AF in patients with impaired left ventricular function, irrespective of the effects on
ejection fraction per se.[90] Similar results were reported by Pizzetti et al. with lisinopril in
their analysis of the GISSI-3 trial.[91]

5.3. Hypertension

The issue of the possible role of ACEI/ARB drug treatment in the primary prevention of
AF in  hypertensive  patients  derives  from several  conflicting  observations.  According to
the  CAPPP  and  the  STOP-H2  trials,  ACEIs  were  comparable  to  other  antihypertensive
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regiments in preventing AF.[92,93] In contrast, a retrospective, longitudinal, cohort study
by L’Allier et  al.  reported a benefit  of  ACEIs over calcium channel blockers in terms of
new onset AF and AF-related hospitalizations.[94] Similar results were derived from the
LIFE trial,  showing that  when compared with  the  β-blocker  atenolol,  patients  receiving
the  ARB  losartan  had  significantly  lower  incidence  of  new-onset  AF  and  associated
stroke.[95] A recent nested case-control observational study showed that compared with
treatment  with  calcium  channel  blockers,  long-term  antihypertensive  treatment  with
ACEIs, ARBs, or β-blockers may decrease the risk of new-onset AF.[96]

5.4. Increased cardiovascular risk

In patients with increased cardiovascular risk, the rate of new onset AF was not reduced by
ramipril in a subanalysis of the HOPE clinical trial by Salehian and coworkers,[97] although
in a population with a rather low incidence of AF (2.1%). Also in the ACTIVE I trial, there
was no benefit of irbesartan treatment in preventing hospitalization for atrial fibrillation or
atrial fibrillation recorded by 12-lead electrocardiography, nor was there a benefit in a sub‐
group of patients who underwent transtelephonic monitoring.[98] In contrast, according to
Schmieder et al. the VALUE trial showed that valsartan-based antihypertensive treatment
reduced the development of new-onset AF compared to amlodipine,[99] in subjects at high‐
er risk of this arrhythmia due to an almost 25% prevalence of electrocardiographically-de‐
fined left ventricular hypertrophy. These conflicting data may indicate that a possible
benefit of ACEI or ARB treatment can at best be observed in patients with the highest proba‐
bility of increased RAAS activation.

5.5. Postoperative AF

A reduced incidence of new-onset AF was observed in patients undergoing coronary artery
bypass graft surgery who were treated with ACEIs,[100] in a large multicenter prospective
trial recruiting 4,657 subjects. These results were confirmed with the use of ACEIs alone or
associated with candesartan,[101] whereas the reduced risk of developing postoperative AF
did not reach the statistical significance in the post hoc evaluation of patients enrolled in the
AFIST II and III trials.[102]

5.6. Secondary prevention after cardioversion and after catheter ablation

In the setting of secondary prevention, patients undergoing AF cardioversion represent a
group in which the potential  role of RAAS inhibition has been first  investigated by van
den Berg et al.[103], iwho studied 30 CHF patients treated with lisinopril or placebo be‐
fore and after  the procedure.  Although the reduced incidence of  recurrent  AF in ACE-I
treated  patients  did  not  reach  the  statistical  significance,  this  study  was  followed  by
many others. Dagres et al.  [104] demonstrated that treatment with the ARB irbesartan is
associated  with  attenuated  left  atrial  stunning  after  cardioversion.  Subsequent  studies
showed that the association of an ACEI or an ARB with amiodarone prevents AF recur‐
rences after cardioversion when compared with amiodarone alone.[105-107] Interestingly,
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irbesartan  showed a  dose-dependent  preventive  effect.[106]  In  contrast,  Tveit  and  cow‐
orkers did not find any benefit  by treating with the ARB candesartan for 3-6 weeks be‐
fore  and  6  months  after  electrical  cardioversion.[108]  We  contributed  to  this  debate  by
showing that also in the setting of lone AF,[11] long-term treatment with the ACE-I ram‐
ipril  is  effective  in  preventing  relapses  of  AF  after  successful  cardioversion.[109]  More‐
over,  at  the  end  of  a  3-year  follow-up,  ramipril  treatment  also  prevented  left  atrium
enlargement,[109]  which  has  been  demonstrated  to  occur  in  the  natural  history  of  lone
AF.[110]

In patients undergoing catheter ablation for drug refractory AF, ACEIs or ARBs did not
show the same promising results,[111-115] raising the question whether these interventions
are indeed able to revert atrial remodeling in this clinical setting.[116]

5.7. Paroxysmal AF prevention

Both  ACEIs  and  ARBs  have  shown  some  promise  in  the  setting  of  the  prevention  of
paroxysmal  AF  recurrences.  In  two  long-term  clinical  trials  on  amiodarone-treated  pa‐
tients,  losartan  or  perindopril  were  more  effective  than  amlodipine  in  the  maintenance
of sinus rhythm. [117,118] The same held true for telmisartan, that Fogari et  al.  showed
as more effective than ramipril in reducing AF recurrence and severity as well as in im‐
proving P-wave dispersion,  suggesting  a  possible  specific  effect  of  telmisartan  on atrial
electric  remodeling.[119]  In a  retrospective analysis  of  patients  with predominantly par‐
oxysmal  AF,  Komatsu  and  coworkers  showed  that  the  enalapril  added  to  amiodarone
reduced the rate of AF recurrence and prevented the development of atrial structural re‐
modeling.[120]  In  a  post  hoc  subgroup  analysis  of  the  AFFIRM  trial,  Murray  et  al.
showed that ACEIs and ARBs reduced the risk of AF recurrence in patients with a his‐
tory of CHF or impaired left ventricular function. [121] The GISSI-AF trial did not show
any significant effect of valsartan treatment on the rate of AF recurrences in a cohort of
1,442 patients with a history of recent AF.[122] Although it  has to be noted that valsar‐
tan-treated patients had a significantly higher prevalence of coronary artery disease and
peripheral  artery  disease,  and  that  more  than  half  of  the  patients  were  already  taking
concomitant  ACEI  treatment,  the  GISSI-AF shed some doubt  on the  whole  issue  of  the
preventive role of RAAS inhibition in AF prevention.[122] In the same line, the very re‐
cent  ANTIPAF  trial  concluded  that  12-month  treatment  with  the  ARB  olmesartan  did
not  reduce  the  number  of  AF  episodes  in  patients  with  documented  paroxysmal  AF
without  structural  heart  disease.[123]  Similar  results  were  shown  by  the  J-RHYTHM  II
study  comparing  the  ARB  candesartan  with  the  calcium  antagonist  amlodipine  in  the
treatment  of  paroxysmal  AF associated with  hypertension.[124]  Both  studies  used daily
transtelephonic  monitoring  to  examine  asymptomatic  and  symptomatic  paroxysmal  AF
episodes. [123,124]
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5.8. Emerging role for aldosterone antagonists

In the recent years, it has been suggested that upstream therapy using aldosterone antago‐
nists, such as spironolactone or eplerenone, may reduce the deleterious effect of excessive
aldosterone secretion on atrial tissue, thereby contributing to modify the risk of developing
and of maintaining AF.[125] Dabrowski et al. showed that combined spironolactone plus be‐
ta-blocker treatment might be a simple and valuable option in preventing AF episodes in pa‐
tients with normal left ventricular function and history of refractory paroxysmal AF.[126] In
patients with AF, spironolactone treatment was associated with a reduction in the AF bur‐
den, as reflected by a combination of hospitalizations for AF and electrical cardioversion.
[127] In a recent trial in patients with systolic heart failure and mild symptoms (EMPHASIS-
HF), the aldosterone antagonist eplerenone reduced the incidence of new-onset AF or atrial
flutter.[128]

5.9. Meta-analyses

The promise of a protective role of RAAS inhibition is largely based on the analysis of retro‐
spective data, although on several thousands of patients. Another limitation is the fact that
in most cases, the detection of AF recurrences is based on annual electrocardiograms, peri‐
odical 24-hour Holter analysis, or patient self-reported symptoms symptoms. In recent
years, with the analysis of data from patients with an implanted pacemaker, it is becoming
increasingly clear that continuous monitoring is much more reliable in identifying the pres‐
ence of asymptomatic recurrences, with a mean sensitivity in detecting an AF episode last‐
ing >5 minutes that was 44.4%, 50.4%, and 65.1% for 24-hour Holter, 1-week Holter, and 1-
month Holter monitoring, respectively.[129] To partially overcome some of these
limitations, several meta-analyses of the available trials have been conducted.[130-141] In
synthesis, despite the promising preliminary experimental and clinical data, the efficacy of
RAAS inhibition in the prevention of atrial fibrillation recurrences is still under debate, lead‐
ing Disertori et al. in a very recent review article to the definition of “an unfulfilled hope”.
[136] In meta-analysis including 92,817 randomized patients, Khatib and coworkers con‐
cluded that although RAAS inhibition appears to reduce the risk of developing new onset
atrial fibrillation in different patient groups, further research with stronger quality trials is
required to draw definitive conclusions.[141]

Indeed, ACE-I or ARBs cannot be considered as an alternative to the established antiar‐
rhythmic  agents  and  transcatheter  ablation.  However,  since  they  are  recommended  for
most  concomitant  cardiovascular  diseases  that  are  associated  with  an  increased  risk  of
AF (i.e.,  hypertension,  heart  failure,  ischemic  heart  disease)  and  since  there  are  several
lines of evidence that increased angiotensin II tissue levels are involved in both structur‐
al and electrical remodeling of the atrial tissue, it appears reasonable to use these drugs.
In  general,  no  substantial  difference  was  found in  the  comparison  between  ACE-I  and
ARB treatment,  a finding that was confirmed also by the results of the the ONTARGET
and TRANSCEND trials.[142]
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5.10. Atrial remodeling as a therapeutic target: modulation of the renin-angiotensin-
aldosterone system

Since angiotensin II  plays  a  central  role  in  the  development  of  atrial  fibrosis,  inhibition
of  atrial  angiotensin  converting  enzyme (ACE)  and AT1  angiotensin  receptors  might  be
beneficial  in  AF.  In  experimental  models,  AF  susceptibility  and  atrial  fibrosis  were  de‐
creased  by  candesartan  or  enalapril,  but  not  by  hydralazine  or  isosorbide  mononitrate
despite similar hemodynamic effects,[26,63] thus suggesting a key role of targeting renin-
angiotensin system, rather than of  improving the hemodynamics.  This  concept  was fur‐
ther underscored after demonstrating a preventive role of  ramipril  treatment in patients
with lone AF.[109] Also spironolactone was able to prevent AF episodes in patients with
normal  left  ventricular  function  and  a  history  of  refractory  paroxysmal  AF.[126]  With
the notable exception of the GISSI-AF,[122] ANTIPAF,[123] and J-RHYTHM II[124] trials,
the majority of the available studies showed that modulation of the renin-angiotensin-al‐
dosterone  system is  able  to  reduce  the  incidence  of  AF,  as  well  as  its  recurrence  after
electrical  cardioversion.[134]  These  data  are  summarized  in  several  meta-analyses,
[131,132,140,143]  also  including  the  GISSI-AF  data.[135]  In  a  broader  view,  although
ACE inhibitors and angiotensin-II  receptor blockers (ARBs) are not to be considered an‐
tiarrhythmic drugs, several studies have shown that they are associated with a lower in‐
cidence  of  ventricular  arrhythmias  in  patients  with  ischemic  heart  disease  and  left
ventricular (LV) dysfunction,[90,144,145] possibly because of the adverse effects of angio‐
tensin  II  on  the  cardiac  remodeling  process.  Indeed,  it  must  be  recognized  that  in  the
presence  of  a  cardiac  disease  causing  atrial  overload  and/or  dysfunction,  the  effective‐
ness of ACE inhibitors and/or ARBs might be attributable either to a direct antiarrhyth‐
mic  effect  or  to  an  effect  on  atrial  structure  and/or  function  likely  able  to  favorably
modify the arrhythmic substrate,  such as the increase in left  atrial  (LA) dimensions that
is frequently observed in patients with arterial hypertension and/or LV dysfunction.

In the setting of AF, it has to be remembered that angiotensin II not only has several effects
on the structure of the atrial myocardium, but also on its electrical properties, as it has been
elegantly shown in isolated pulmonary vein cardiomyocytes,[75] and in instrumented ani‐
mal studies.[69] Therefore, the protective effect of ACE inhibition or angiotensin II antago‐
nists on the electrical and structural remodeling of the atria is very likely, due to a
combination of their actions on atrial distension/stretch, sympathetic tone, local renin-angio‐
tensin system, electrolyte concentrations, and cardiac loading conditions.

6. Conclusions

The onset of atrial fibrillation results from a complex interaction between triggers, arrhyth‐
mogenic substrate, and modulator factors. Once established, AF itself alters the electrical
and structural properties of the atrial myocardium, thereby perpetuating the arrhythmia.
Among many other factors, angiotensin II and aldosterone play an important role not only
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in determining atrial fibrosis, but also in modulating the electrical properties of the atrial
myocardium. These aspects may be relevant in explaining the many clinical observations in‐
dicating the role of drugs modulating the renin-angiotensin-aldosterone system in prevent‐
ing atrial fibrillation in different settings.
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1. Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia encountered in clinical
practice, representing a major public health problem. Accumulating evidence suggests
oxidative stress may play an important role in the pathogenesis and perpetuation of AF [1-5].
There are several redox signaling pathways that are possibly related to increased oxidative
stress in the setting of AF, including mitochondrial DNA damage, increased activity of
enzymes such as NADPH oxidase and xanthine oxidase, nitric oxide synthase uncoupling,
activation of pro-arrhythmic transcription factors such as peroxi-some proliferator-activated
receptor, c-fos and NF-κB. In the past few years experimental data and clinical evidence have
tested the concept of antioxidant interventions to prevent AF. Besides statins, ACEIs and/or
ARBs, several other interventions with antioxidant properties, such as Vitamin C and E,
thiazolidinediones, N-acetylcysteine, probucol, nitric oxide donors or precursors, NADPH
oxidase inhibitors, Xanthine oxidase inhibitors have emerged as novel strategies in the
prevention and treatment of AF [6-10]. In this chapter, we aim to summarize recent evidence
regarding antioxidant therapies in the prevention and treatment of atrial fibrillation

2. Vitamin C and E

Recently, antioxidant vitamins C and E have been tested in the prevention of AF, especially
postoperative AF (POAF) [11-14]. These dietary vitamin supplementations have been proven
to protect against the development and progression of AF in experimental models [15, 16].
Vitamin C is a potent water-soluble antioxidant that protects against oxidative stress derived
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by reactive oxygen and nitrogen species. In a canine model of AF, Carnes et al. [15] were the
first to demonstrate that ascorbate attenuates the pacing-induced atrial remodeling and atrial
peroxynitrite production. However, Shiroshita-Takeshita [16] and colleagues did not confirm
the protective effects of Vitamin C and E against AF in their study. Additionaly, tachypacing-
induced atrial effective refractory period shortening and AF promotion were not influenced
by antioxidant vitamins, whereas simvastatin attenuated atrial remodeling and prevented AF.
Recently, Lin et al. [17] investigated whether Vitamin C has direct electrophysiological effects
on isolated rabbit pulmonary vein (PV) preparations. They demonstrated that ascorbic acid
decreases PV spontaneous activity and attenuates the arrhythmogenic effects of hydrogen
peroxide (H2O2). Given that PVs represent major sources of ectopic beats that trigger parox‐
ysmal AF, the potential preventive effects of vitamin C on AF recurrence after PV isolation
should be tested in future clinical trials.

The clinical evidence regarding Vitamin C and E on AF prophylaxis is mainly limited in the
setting of POAF prevention. In a retrospective observational study, Carnes et al. [15] evaluated
the effects of supplemental ascorbate on POAF prevention. A series of 43 consecutive patients
scheduled for coronary artery bypass graft (CABG) surgery were given 2 g ascorbic acid the
night before surgery, followed by 500mg doses twice daily for the 5 days following CABG.
Patients receiving ascorbate had a 16.3% incidence of POAF, in contrast to 34.9% in the control
group (P=0.048). However, multivariate analysis after adjusting for other confounding factors
demonstrated that β-blockers use exhibits the most protective effect (84% risk reduction,
P=0.007) and ascorbate alone was not an independent protector for POAF. In particular, the
two groups were not ideally matched regarding all risk factors for AF, and the incidence of
diabetes, hypertension, and previous history of AF was higher in the control group compared
to the treatment group. Finally, this study may not have enough power to evaluate POAF
incidence.

Eslami et al [18] examined the effects of ascorbic acid as an adjunct to β-blockers in a prospec‐
tive, randomized trial. One hundred patients undergoing CABG surgery were randomized to
the ascorbic acid or to the control group. All patients had been treated with β-blockers for at
least for one week. Patients in the ascorbic acid group received 2 g of ascorbic acid on the night
before the surgery and 1 g twice daily for 5 days following surgery. Patients in the control
group did not receive ascorbic acid. Patients in both groups continued to receive β-blockers
postoperatively. The incidence of POAF was 4% in the Vitamin C group and 26% in the control
group (P=0.002). The authors concluded that ascorbic acid can be prescribed as an adjunctive
therapy to β-blockers for the prophylaxis of POAF. Finally, Papoulidis et al. [19] evaluated the
preventive effects of Vitamin C on POAF incidence in 170 patients undergoing isolated on-
pump CABG. Importantly, all the patients were under β-blockers therapy preoperatively. The
incidence of POAF was 44.7% in the Vitamin C group and 61.2% in the control group (P=0.041).
Notably, patients with Vitmain C had a shorter hospital stay as well as conversion time from
AF into sinus rhythm.

Very recently, in another randomized clinical trial (RCT) [20] which enrolled 152 patients
scheduled for cardiac surgery, the combination of vitamin C (1 g/d) plus vitamin E (400 IU/d)
reduced the risk of POAF in patients aged over 60 years indicating that the efficacy of the
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antioxidant interventions may be improved with aging. In a recent meta-analysis including
five randomized controlled trials with 567 patients, Harling et al. [13] showed that the
prophylactic use of vitamins C and E significantly reduced the incidence of POAF (OR: 0.43,
95% CI: 0.21 to 0.89) as well as the all-cause arrhythmia (OR: 0.54, 95% CI: 0.29 to 0.99) following
cardiac surgery. However, the overall quality of enrolled studies was relatively poor. Un‐
doubtedly, further well-designed studies with enough sample size are warranted in order to
to clarify this issue.

The clinical evidence relating to the potential role of antioxidant vitamins for secondary
prevention of AF is sparse. Korantzopoulos et al. [21] prospectively studied 44 patients
following successful electrical cardioversion of persistent AF. The patients randomized into
Vitamin C group and control group. Within one week, AF recurred in 4.5% of patients in the
vitamin C group and in 36.3% of patients in the control group (P=0.024). Moreover, inflam‐
matory biomarkers decreased after cardioversion in patients receiving vitamin C. Another
recently published study evaluated whether serum Vitamin E level was related to AF recur‐
rence in patients undergoing electrical cardioversion (EC) [22]. One hundred fourty four
consecutive patients who underwent successful EC were prospectively enrolled and followed
for 3 months. It was indicated that low serum Vitamin E level is an independent predictor for
the AF recurrence. Further studies are needed in order to examine the efficacy of antioxidant
vitamin E in AF prevention.

3. Thiazolidinediones

Thiazolidinediones (TZDs) represent a class of insulin-sensiting agents with peroxisome
proliferator-activated receptor-γ (PPAR-γ) activation effects, used to improve insulin resist‐
ance in patients with type 2 diabetes [23, 24]. Troglitazone, the first drug developed and used
clinically, has been withdrawn from the market due to its liver toxicity. Pioglitazone and
rosiglitazone are the only compounds that are available for clinical use now. Apart from their
insulin-sensitizing effects, TZDs have several pleiotropic properties including anti-inflamma‐
tory and antioxidant [25, 26]. It has been demonstrated that PPAR-γ ligands inhibit the
expression of inducible nitric oxide synthase (iNOS) and peroxynitrite production in mesan‐
gial cells and in cerebellar granule cells [27]. Also, TZDs enhance endothelial nitric oxide (NO)
bioavailability, reducing nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-
dependent superoxide production, while they induce antioxidant enzymes such as Cu/Zn
superoxide dismutase (Cu/Zn SOD) [28].

Recent experimental evidence indicates that TZDs, especially pioglitazone, prevent atrial
electrical and structural remodeling through their anti-inflammatory and antioxidant proper‐
ties. In a rabbit model of congestive heart failure, pioglitazone attenuated atrial structural
remodeling and inhibited AF promotion, at the same degree as candesartan. Furthermore, the
PPAR-γ activator suppressed transforming growth factor-β (TGF-β), tumor necrosis factor-α
(TNF-α) and extracellular signal-regulated kinase (ERK) expression in atrial tissue. Therefore,
the authors proposed that pioglitazone may inhibit AF by modulating inflammatory, oxidative
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stress, and hypertrophic signaling pathways involved in atrial remodeling [29]. Very recently,
Kume et al. showed that pioglitazone reduced inflammatory atrial fibrosis and vulnerability
to AF in a pressure overload rat model of AF, possibly via the suppression of MCP-1–mediated
inflammatory profibrotic processes [30]. In an in vivo rat model, Xu et al. [31] reported
pioglitazone inhibited age-related atrial structural remodeling and AF susceptibility via its
antioxidant and anti-apoptotic effects. Gene and protein expression levels of antioxidant
molecules such as Mn superoxide dismutase (MnSOD) and heat shock protein (HSP) 70 were
significantly enhanced, whereas NADPH oxidase subunits p22phox and gp91phox were
significantly reduced in aged rats treated with pioglitazone. Therefore, activation of antioxi‐
dant molecules and inhibition of NADPH-derived ROS production may be the mechanisms
underlying the favorable effects of TZDs on aging-related atrial remodeling and AF promotion.
However, experimental data on the effects rosiglitazone on atrial remodeling in the setting of
diabetes is lacking. We have shown that rosiglitazone attenuates atrial structural remodeling
reducing the interatrial activation time and the atrial interstitial fibrosis in alloxan-induced
diabetic rabbits [31].. Also, rosiglitazone treatment increased plasma antioxidant enzyme
superoxide dismutase (SOD) activity and decreased oxidant stress and inflammatory markers
including malondialdehyde (MDA), C-reactive protein (CRP), and TNF-α levels. [32]

We have previously described two patients with diabetes who experienced a remarkable
improvement in their paroxysmal AF episodes following treatment with rosiglitazone [33].
However, two large RCTs, namely RECORD [34] and PROactive [35] which enrolled high-risk
patients with type 2 diabetes failed to demonstrate a significant reduction of AF risk from TZDs
compared with controls. The potential explanations were: firstly, AF was not a predefined
endpoint and reported as an adverse event; secondly, there was a very low AF incidence in
both treatment and control groups (1.5-2%). Also, another case-control study showed that pre-
operative use of TZDs in diabetic patients undergoing cardiac surgery was associated with a
non-statistically significant 20% reduction of POAF [36]. In a prospective cohort study
including 150 diabetic patients undergoing catheter ablation for AF, Gu et al. showed that
previous pioglitazone use was independently associated with a lower recurrence of atrial
tachyarrhythmias during a follow-up period of 23 months [37]. Interestingly, in a recent
observational study Chao et al. [38] investigated the possible association between TZDs use
and development of new-onset AF in 12,605 patients with Type 2 diabetes. During a follow-
up of 5 years, TZDs decreased the risk of new-onset AF by 31% after adjustment for age,
underlying diseases and baseline medications. Although growing evidence suggests TZDs use
prevents the development and recurrence of AF in diabetic patients, the cardiovascular safety
considerations on rosiglitazone recently prompted the European Medicines Agency (EMA) to
suspended this drug from the European market and patients taking rosiglitazone were advised
to discuss alternative options with their physicians [39]. Since November 18, 2011 the FDA
does not allow rosiglitazone to be sold without a prescription from certified doctors. Patients
are required to be informed of the risks associated with the use of rosiglitazone. Therefore, it
is very hard for rosiglitazone to gain a therapeutic indication for AF in the future [40]. Given
the favorable cardiovascular effects of pioglitazone from a recent meta-analysis of 19 RCTs
(including PROactive study) enrolling 16,390 patients [41], further large-scale randomized,
controlled trials with long-term follow-up or a post hoc analysis from previous trials are still
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needed to evaluate the potential role of pioglitazone, as an upstream therapy for AF prevention
in patients with diabetes [42, 43].

4. N-acetylcysteine

N-acetylcysteine (NAC) is a precursor of l-cysteine and glutathione. As a source of sulfhydryl
groups in cells, it may act as a scavenger of free radicals [44]. In clinical practice, NAC is used
as an antioxidant, mucolytic agent widely prescribed in chronic pulmonary disease. Carnes et
al. [45] showed that atrial myocytes from AF patients incubated with NAC lead to a significant
increase in the density of ICa,L. This observation suggests NAC may possibly attenuates atrial
electrophysiological remodeling caused by rapid atrial activation. In a randomized study
including 115 patients undergoing CABG or valve surgery, Ozaydin et al. [46] demonstrated
that NAC markedly reduces the incidence of POAF lasting more than 5 minutes. A previous
meta-analysis [47] evaluated potential beneficial effects of perioperative NAC on the preven‐
tion of complications after cardiothoracic surgery. In the sub-group analysis of six trials which
reported POAF as study endpoints, the use of NAC significantly lowered the risk of developing
POAF by 36%. In a more recent meta-analysis, Gu et al. [48] included 8 randomized trials
incorporating 578 patients, and indicated that NAC significantly reduces the incidence of
POAF by 38% (OR: 0.62, 95% CI: 0.41- 0.93; P =0.021) compared with controls. It is worth
mentioning that only one trial [46] included in this meta-analysis had specified POAF as a
primary endpoint. The remaining seven studies reported POAF as a secondary endpoint.
Therefore, future large-scale randomized studies with an adequate power are urgently in
demand.

5. Probucol

Probucol is a lipid-lowering agent with potent anti-oxidant and anti-inflammatory effects. It
has been used in clinical practice during the past two decades to decrease atherosclerosis and
prevent restenosiss following stent implantation. However, the potential side effects including
decreasing serum high-density lipoprotein cholesterol level and QT prolongation have limited
the probucol's worldwide clinical use [49, 50]. As a potent antioxidant, it may reduce the
production of oxygen free radicals and act as a direct superoxide anion scavenger. In an
isolated perfused rat model, probucol increased the expression of an important myocardial
antioxidant enzyme, namely glutathione peroxidase, and prevented lipid peroxidation
following ischemia reperfusion injury [51]. Moreover, probucol inhibited NADPH oxidase
activity in the aorta from cholesterol-fed rabbits [52]. Our previous studies suggested that
prophylactic treatment with probucol during the periprocedural period in patients undergo‐
ing coronary intervention protects against contrast-induced acute kidney injury [53, 54].
However, experimental studies regarding the possible benefits of probucol on atrial remod‐
eling and AF prevention are lacking. Gong et al. showed that probucol attenuates atrial nerve
sprouting and heterogeneous sympathetic hyperinnervation induced by rapid right atrial
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pacing, and markedly reduces the promotion and maintenance of AF. Also, probucol signifi‐
cantly reduces atrial oxidative stress and increases total antioxidant capacity [55]. A further
study from this group suggested that probucol attenuates structural remodeling and preventes
atrial apoptosis, decreasing the left atrial MDA content in paced dogs [56]. Very recently, we
investigated the effects of probucol on atrial structural and electrical remodeling in alloxan-
induced diabetic rabbits [57]. After treatment for 8 weeks, the diabetic rabbits on probucol
exhibited alleviation of oxidative stress displayed as decreased plasma MDA and increased
plasma SOD levels compared with diabetic controls, while probucol significantly reduced left
atrial interstitial fibrosis and AF inducibility [57]. Therefore, it seems reasonable to speculate
that the antioxidant effects of probucol may favorably affect atrial autonomic and structural
remodeling.

Succinobucol (AGI-1067), a derivative of probucol, is a metabolically stable compound that
has greater intracellular antioxidant efficacy in vitro than probucol without causing a signifi‐
cant prolongation of the QT interval [58]. Surprisingly, the ARISE study [59] showed that use
of succinobucol was associated with increased incidence of new-onset AF in patients with an
acute coronary syndrome. Our previous meta-analysis suggested that increased CRP levels
are associated with greater risk of immediate and short-term AF recurrence following electrical
cardioversion [60, 61]. In this context, although succinobucol have potent antioxidant effects,
its unfavourable influence on CRP levels may be a possible potential explanation for this
undesirable effect [62, 63]. Undoubtedly, further studies are needed to elucidate the precise
role of probucol and succinobucol in atrial remodeling and their clinical impact on AF.

6. Nitric oxide donors or precursors

Nitric oxide is an important endothelium-derived relaxing factor that plays a pivotal role in
the maintenance of vascular tone. NO is synthesized from L-arginine through the effects of
endothelial NO synthase (eNOS) with the critical cofactor tetrahydrobrobiopterin (BH4). BH4

depletion induces NOS uncoupling which shifts the enzymatic activity from NO production
towards superoxide anion (O2

 −) production [64]. Endothelial dysfunction (ED) promotes
oxidative stress and inflammation and also impairs NO dependent vaso-relaxation. Endothe‐
lial dysfunction with decreased NO production has been implicated on the development of
atrial fibrillation [65, 66].

It has been indicated that L-Arginine supplementation, as a NO precursor, increases plasma
nitrite levels, decreases MDA release and attenuates ROS mediated myocardial injury [67]. In
a canine tachypacing model of heart failure, Nishijima et al. [68] found increased inducible
NOS in the left atrium which was associated with BH4 depletion, NOS2 uncoupling, and
increased superoxide anion production. These biochemical changes were associated with atrial
electrophysiological changes with increased AF inducibility. BH4 supplementation reduced
atrial oxidative stress and inducibility of atrial fibrillation. Thus, modulation of NOS activity
may be an interesting therapeutic approach to prevent AF [69]. At the clinical level, a pilot
randomized placebo-controlled study examined the potential role of sodium nitroprusside
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(SNP), as a NO donor, in the prevention of POAF [70]. Specifically, 100 consecutive patients
undergoing CABG surgery were randomized to receive SNP (0.5 μg /Kg.min) or placebo
(dextrose 5% in water) during the rewarming period. The occurrence of AF was significantly
lower in the SNP group (P<0.005). Furthermore, the inflammatory biomarker CRP was higher
postoperatively in the control group compared to the SNP group (P<0.05). However, a recent
study didn’t find any association between the use of sodium nitroprusside during cardio‐
thoracic surgery and POAF in a retrospective cohort of 1025 patients undergoing bypass
surgery [71]. Therefore, anti-inflammatory and antioxidant effects of NO may have beneficial
effects on the prevention of POAF. Further randomized controlled studies are urgently needed
to clarify the role of NO and its donor or precursor on the AF prevention.

7. NADPH oxidases inhibitors

NADPH oxidases (NOXs) have been investigated as a key enzymatic source of ROS and seem
to play an important role in the pathogenesis of hypertension, atherosclerosis, and heart failure
[72-74]. NOXs are multi-subunit transmembrane enzymes that utilize NADPH as an electron
donor to reduce oxygen to superoxide anion and hydrogen peroxide. NOX2 and NOX4 are
the most abundant NOX subtypes in cardiomyocytes.

Recent evidence indicates that NOX-derived ROS plays a pivotal role in the development and
maintenance of AF. Dudley et al. [75] showed reduced NO and increased superoxide produc‐
tion production in the left atrial appendage (LAA), which was related to increased NADPH
oxidase activity in an experimental model of atrial tachy-pacing. Of note, the NADPH oxidase
inhibitor apocynin reduced the superoxide production by 91%. In addition, Kim et al. [76]
investigated the sources of superoxide production from the right atrial appendage (RAA) of
patients undergoing cardiac surgery. They indicated that the membrane-bound subunit
gp91phox (NOX2) containing NADPH oxidase was the main source of atrial superoxide
production in human atrial myocytes during sinus rhythm and AF. Also, NADPH-stimulated
superoxide release from RAA homogenates was significantly increased in patients with AF.
In a subsequent study, they measured atrial NADPH oxidase activity in RAA samples from
170 consecutive patients undergoing coronary artery bypass surgery. The multivariate analysis
showed that atrial NADPH oxidase activity was the strongest independent risk factor for the
development of POAF [77]. Remarkably, recent clinical evidence [78] suggests that the
behaviour of NADPH oxidase is related to the type of AF. Cangemi et al. demonstrated that
NOX2 was upregulated in patients with paroxysmal/persistent AF compared with those with
permanent AF and controls [78]. Also, NOX4-derived hydrogen peroxide production is
markedly increased in the LAA tissues of AF patients. Moreover, treatment of HL-1 atrial cells
with angiotensin II, resulted in upregulation of NOX4 and H2O2 production [79]. Bearing in
mind the potent NADPH oxidase inhibitors such as NOX2 inhibitors and apocynin [80] may
be served as potential candidate for the novel preventive agents on AF.
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8. Xanthine oxidase inhibitors

Accumulating evidence suggests that xanthine oxidase (XO) is another important source of
ROS and may relate to atrial remodeling and AF [81]. In a pig model of rapid atrial pacing,
increased XO activity in LAA and reduced superoxide production by 85% following admin‐
istration of oxypurinol (a XO inhibitor) was demonstrated [75]. However, no significant effect
of oxypurinol on superoxide production in human RAA was demonstrated in another study
[76]. A potential explanation for this evident difference is that in the porcine model the
increased XO activity was located in the LAA, whereas RAA specimens were examined in the
human study. Of note, in a similar porcine model, it was demonstrated that after 1 week of
rapid atrial pacing NO expression was decreased in the LAA but not in the RAA, indicating
that the oxidative stress was enhanced only in the left atrium [82].

UA is a metabolic product of purine metabolism produced via the action of XO. Therefore, UA
represents a marker of oxidative stress and inflammation [83, 84]. There is a positive association
between UA levels and AF in different population. In a small observational study, we showed
a stepwise increase of UA levels in patients with paroxysmal AF and permanent AF compared
to controls [85]. It was also demonstrated that high serum UA levels were independent
predictor for AF presence in hypertensive patients [86] and AF recurrence following catheter
ablation [87]. In the ARIC study, a large prospective cohort study, elevated serum UA was
associated with a greater risk of AF development during the follow-up period [88].

No clinical trial to date has examined the effect of allopurinol administration on AF. Only one
observational study reported that patients receiving UA lowering agents had decreased AF
prevalence [89]. In a very recent experimental study using a dog model of atrial tachypacing,
allopurinol suppressed AF promotion by preventing both electrical and structural remodeling,
while it also reduced endothelial NOS protein expression without affecting the left ventricular
ejection fraction or LA diameter [90]. Finally, there are no data on the cardiovascular effects of
the newly released non-purine XO inhibitor febuxostat.

9. Conclusion

A substantial body of evidence indicates that oxidative stress plays a critical role in the
pathophysiology of atrial remodeling. However, the molecular pathways of this pathologic
process are complex and depend on different underlying substrates and concomitant diseases.
Antioxidant therapy seems to be a promising intervention strategy in the prevention of AF
development and perpetuation, at least in the case of POAF. It should be acknowledged that
antioxidant substances may be ineffective in many instances since they act at an advanced
stage of the oxidative damage cascade. On the other hand, interventions that target early steps
of ROS formation seem to be a more promising strategy.
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1. Introduction

1.1. Review of the relationship between n-3 polyunsaturated fatty acids and the atrial
fibrillation

It is well established that the consumption of fish is associated with lower rates of cardiovas‐
cular death (Albert CM,et al.,2002; Hu FB, et al.,2002). Dietary fish oil supplementation has
been shown to reduce mortality in high-risk groups through a reduction in sudden cardiac
death and ventricular tachyarrhythmia. It has been recently reported that atrial fibrillation
(AF) is associated with inflammation and inflammatory cytokines, and n-3 polyunsaturated
fatty acids (PUFAs) might be of anti-inflammatory effects. Whether PUFAs has some antiar‐
rhythmic effect and can be used in the treatment of AF is still unknown.

1.2. Dietary n-3 PUFA supplementation attenuates the inducibility and maintenance of
AF

We established canine sterile pericarditis model and evaluate the anti-inflammatory effect of
PUFAs on AF(Zhong Zhang,et al.,2010). Twenty mongrel sex-matched adult dogs were ran‐
domly divided into two groups. In the n-3 PUFA group (n=10), oral administration ofeicosa‐
pentaenoic+docosahexaenoic acid (EPA+DHA), 2 g/day (Omacor, Solvay Pharmaceuticals
GmbH, Hanover, Germany) was started 4 weeks before the baseline study, and was contin‐
ued until the end of the study. The dogs in the control group (n=10) did not receive n-3 PU‐
FAs or plant oil for 4 weeks. We examined the plasma concentration of the CRP, IL-6, and
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TNF-α before the operation and on the second postoperative day in both groups. There were
no significant differences in three biomarkers of inflammation between two groups before
the operation, and these biomarkers were significantly increased in both groups on the sec‐
ond postoperative day. However, three proinflammatory cytokines were significantly lower
in the PUFA group than in the control group respectively (CRP, 7.6±0.5 vs. 11.7± 1.3 mg/dl,
Pb0.0001 Fig. 1; IL-6, 112.0±37.3 vs. 142.0±19.6 pg/ml, Pb0.0001 Fig. 2; TNF-α, 83.3±8.5 vs.
112.4±8.2 pg/ml, Pb0.0001 Fig. 3).

Figure 1. Comparison of CRP levels between the control and PUFA groups before and after operation. Before the op‐
eration, there were no significant differences in CRP levels between two groups. On the second postoperative day,
CRP was significantly increased in both groups; however, it was significantly lower in the PUFA group than in the con‐
trol.

The main finding of this study is that EPA and DHA supplementation of the diet can de‐
crease plasma concentration of the CRP, IL-6 and TNF-α in acute inflammation of canine
sterile pericarditis, suggesting depression of inflammatory cytokines by n-3 FUFAs may in‐
volve in the anti-atrial fibrillation process. The results also showed that the PUFA group had
a less AF inducibility and maintenance than the control group (Table1).

Thus we may reasonably conclude that Dietary n-3 PUFA supplementation attenuates the
inducibility and maintenance of AF in the sterile pericarditis model by reducing the produc‐
tion of proinflammatory cytokines.
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Figure 2. Comparison of IL-6 levels between the control and PUFA groups before and after operation. Before opera‐
tion, there were no significant differences in IL-6 levels between two groups. On the second postoperative day, IL-6
was significantly increased in both groups; however, it was significantly lower in the PUFA group than in the control.

Figure 3. Comparison of TNF-α levels between the control and PUFA groups before and after operation. Before the
operation, there were no significant differences in TNF- α levels between two groups. On the second postoperative
day, TNF- α was significantly increased in both groups; however, it was significantly lower in PUFA group than in the
control.
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CT=conduction time; RAA=right atrial appendage; LRA=low lateral right atrium; HRA=high lateral right atrium; ARA=
anterior right atrium.

†p<0.05 compared with before the operation

# p<0.0001 compared with before the operation

* P<0.05 compared with the control group

‡ p<0.01 compared with before operation.

Table 1. Comparison of electrophysiological parameters (CT) between the control and PUFA groups before and after
operation

1.3. Inflammation and post cardiac surgery AF

Although the pathophysiological mechanism underlying the genesis of post cardiac surgery
AF has been the focus of many studies,it only remains partially understood. The inflamma‐
tory cascade and catecholamine surge associated with surgery have been thought of playing
a prominent role in initiating AF after cardiac surgery. As a prototypic marker of inflamma‐
tion, CRP has been the focus of many studies, which is driven by the proinflammatory cyto‐
kines interleukin (IL)-1, tumor necrosis factor (TNF)-α, and IL-6(Bruins P et al.,1997) found
that IL-6 rises initially and peaks at 6 h after cardiac surgery, and CRP levels increases and
peaks on the second postoperative day of the cardiac surgery, with complement-CRP com‐
plexes levels peaking on the 2nd or 3rd postoperative day. The incidence of atrial arrhyth‐
mias similarly peaks on postoperative day 2 or 3. Other researchers have confirmed that IL-6
and CRP increased after cardiac surgery, with the incidence of atrial arrhythmias similarly
peaking on the 2nd or 3rd postoperative day [13,14](Ishida K,et al.,2006;Kumagai K,et al.,
2004). Many studies have related an increase in CRP and IL-6 in both paroxysmal AF and
persistent AF, and concluded that CRP is not only associated with the presence of AF but
may also predict an increased risk for future development of AF [15](Aviles RJ,et al.,2003).
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Other studies correlated leukocytosis to an increased incidence in AF in postoperative cardi‐
ovascular patients [16,17](Abdelhadi RH,et al.,2004;Lamm G,et al.,2006), and found that a
more pronounced increase in postoperative WBC count will independently predict develop‐
ment of postoperative AF. Moreover, atrial inflammation of cardiac surgery effects on the
electrical properties of atrial tissue, and the degree of atrial inflammation was associated
with a proportional increase in the inhomogeneity of atrial conduction and AF duration [18]
( Ishii Y, et al.,2005). Administration of anti-inflammatory drugs (dexamethasone or corti‐
sone) significantly decreases the incidence of AF after cardiac surgery [19,20](Yred JP,et al.,
2000;Halonen J,et al.,2007), which supports this inflammation-AF

hypothesis. The canine sterile pericarditis model can perfectly simulate inflammatory cir‐
cumstances of the post cardiac operation, by which AF can be induced and also peaks on the
2nd postoperative day [10](Page PL,et al.,1986). In this model, the multiple unstable reen‐
trant circuits were showed during AF, and it was critical for maintaining AF [10] (Page PL,et
al.,1986). According to the multiple-wavelet hypothesis, atrial wavelength determines the
number of wavelets, and the atrial wavelength is the product of AERP and the intra-atrial
conduction velocity. So, the AERP and the intra-atrial conduction velocity have been
thought to be important for the perpetuation of AF. In this canine sterile pericarditis model,
we have evaluated CRP, IL-6 and TNF-α level on the baseline and on the 2nd postoperative
day, and found that they all significantly increased in both groups. We simultaneously eval‐
uated the role of inflammation on atrial electrophysiological properties, and found that in‐
flammation can shorten AERPs and prolong intra-atrial CT in the canine sterile pericarditis
model, which increased the inducibility and stability of AF. Our results are concordant with
the previous results. Thus, in this model, elevated CRP, IL-6 and TNF-α were associated
with sustained AF, suggesting that electrophysiological changes resulting from inflamma‐
tion perpetuate AF.

1.4. Other potential mechanisms of antiarrhythmic action of n-3 PUFA administration

The current hypotheses of n-3 PUFAs in preventing AF are based on their inhibiting ca‐
pacity  of  some ion channels.  Previous  studies  have demonstrated that  n-3  PUFAs have
capacity to inhibit  fast,  voltage dependent sodium currents,  L-type calcium currents,  the
Na /Ca2 exchanger, which might prevent delayed after-depolarizations and triggered ac‐
tivity, as well as their class III antiarrhythmic-like effect on Kv1.5 channel (IKUR current
present  in  the  atrium)  [36,37](Xial  YF,et  al.,2004;Honore  E,et  al.,1994).  Other  studies
found n-3 PUFAs can attenuate atrial structural remodeling not only by activating matrix
metalloproteinase-9 mRNA expression and attenuating of collagen turnover [38](Laurent
G,et al.,2008), but also by modulating of atrial gap junction protein CX40 and CX43 [39]
(Sarrazin JF,et al.,2007). Otherwise, evidence suggests that n-3 fatty acids consumption at‐
tenuates  oxidative  stress  in  humans,  and the  underlying mechanisms may lead to  sup‐
pressed  production  of  reactive  oxygen  species  by  leukocytes,  inhibition  of  the  pro-
oxidant  enzyme  phospholipase  A2,  and  induction  of  antioxidant  enzymes  [40](Mori
TA,et al.,2003).
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2. The expression of CD69 and CD3+ T-lymphocytes in the diagnosis or
therapy of AF

Recently,  the  link  between  inflammation  and  AF  appeals  increasing  attention.  Many
studies  have demonstrated serum or  plasma inflammation biomarkers  have a  link with
the development of  AF,  which supported chronic inflammatory responses might partici‐
pate in the development of AF (Chung MK et al.,2006;Hemandez Madrid A et al.,2007;Li
J  et  al.,2010;Psychari SN et al.,2005).  Moreover, some other studies reported that activat‐
ed T-lymphocytes and macrophages infiltrated the endomyocardial  of  patients  with AF,
which supported the activation of local T-lymphocytes played a role in the pathogenesis
of  AF (Chen MC et  al.,  2008;Nakamura Y et  al.,2003;Yamashita T et  al.,2010).  However,
up to now, there are no evidences supporting the link between the activation of periph‐
eral blood T-lymphocytes and AF. As is well-known, CD69 and HLA-DR are markers of
activated T-lymphocytes. In other words, they are both specifically expressed on the sur‐
face of  activated T-lymphocytes.[11,  12](Caruso A et  al.,1997;Reddy M et  al.,2004)  CD69
is known as an early activation marker of T-lymphocytes [13](Sancho D et  al.,2005) and
HLA-DR is  known as  a  late  activation marker  of  T-lymphocytes.[14]  (Geraldes  L  et  al.,
2010)They both play a role in the specific immune response to inflammation. [15, 16,  14,
17-19, 13, 20] (Sancho D et al.,2005;Geraldes L et al.,2010;Afeltra A et al.,1993;Ferenczi K
et  al.,2000;McDonald  GB  et  al.,1987;Miki-Hosokawa  T  et  al.,2009;Oczenski  W  et  al.,
2003;Vance BA et  al.,2005)  To our knowledge,  there is  little  information available  about
the  expression  of  CD69  and  HLA-DR  on  peripheral  blood  CD3+  T-lymphocytes  in  pa‐
tients  with AF.Thus we designed an experiment  to  investigate  the relationship between
the activation of peripheral blood CD3+ T-lymphocytes and AF by flow cytometric analy‐
sis that we aimed to provide more evidences to support this phenomenon (Liu L, et al.,
2012;53(4):221-4.)

Fifty paroxysmal AF patients and fifty-six persistent AF patients, underwent successful elec‐
trical cardioversion, were enrolled in this study. Percentage of CD69 and Human leukocyte
antigen DR (HLA-DR) positive peripheral blood CD3+ T-lymphocyte, which indicates T-
lymphocyte activation, were examined by flow cytometric analysis in the patients and fifty-
one healthy controls. Patients groups had higher levels of CD69 and HLA-DR than healthy
controls. During three-month follow-up, 37 patients had recurrence of AF (recurrence
group) and 50 patients remained in sinus (sinus group).

The results showed that Patients with AF groups had higher levels of CD69 and HLA-DR
than healthy controls. The mean value of CD69 was significantly up-regulated in patients
with paroxysmal (1.48%±0.42) and persistent AF (1.55%±0.38) compared with healthy indi‐
viduals (1.07%±0.37; all p<0.001). The mean value of HLA-DR was also significantly up-
regulated in patients with paroxysmal (35.16%±10.89) and persistent AF (37.73%±10.78)
compared with healthy individuals (26.6%±8.41; all p<0.001. Figure 4)
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Figure 4. Percentage of CD3+CD69+ T-lymphocytes (A) and CD3+HLA-DR+ T-lymphocytes (B) were shown, respectively.

During three-month follow-up, 37 patients had recurrence of AF (recurrence group) and 50
patients remained in sinus (sinus group). The results demonstrated that the mean values of
CD69 and HLA-DR in sinus group at follow-up (1.17%±0.38, 28.71%±8.70) were all signifi‐
cantly down-regulated compared with before cardioversion (1.45%±0.44, 34.71%±9.75; all
p<0.05). However, there were no statistically significant differences between recurrence
group at follow-up (1.57%±0.39, 36.40%±9.32) and before cardioversion (1.60%±0.35, 37.72%
±11.11; p=0.721, p=0.544. Figure.5)

Figure 5. The mean values of CD3+CD69+ T-lymphocytes (A) and CD3+HLA-DR+ T-lymphocytes (B) in the sinus group
and recurrence group at follow-up and before cardioversion.

Effect of CD3+ T-Lymphocyte and n-3 Polyunsaturated Fatty Acids on the Diagnosis or Treatment of Atrial Fibrillation
http://dx.doi.org/10.5772/54167

51



2. The expression of CD69 and CD3+ T-lymphocytes in the diagnosis or
therapy of AF

Recently,  the  link  between  inflammation  and  AF  appeals  increasing  attention.  Many
studies  have demonstrated serum or  plasma inflammation biomarkers  have a  link with
the development of  AF,  which supported chronic inflammatory responses might partici‐
pate in the development of AF (Chung MK et al.,2006;Hemandez Madrid A et al.,2007;Li
J  et  al.,2010;Psychari SN et al.,2005).  Moreover, some other studies reported that activat‐
ed T-lymphocytes and macrophages infiltrated the endomyocardial  of  patients  with AF,
which supported the activation of local T-lymphocytes played a role in the pathogenesis
of  AF (Chen MC et  al.,  2008;Nakamura Y et  al.,2003;Yamashita T et  al.,2010).  However,
up to now, there are no evidences supporting the link between the activation of periph‐
eral blood T-lymphocytes and AF. As is well-known, CD69 and HLA-DR are markers of
activated T-lymphocytes. In other words, they are both specifically expressed on the sur‐
face of  activated T-lymphocytes.[11,  12](Caruso A et  al.,1997;Reddy M et  al.,2004)  CD69
is known as an early activation marker of T-lymphocytes [13](Sancho D et  al.,2005) and
HLA-DR is  known as  a  late  activation marker  of  T-lymphocytes.[14]  (Geraldes  L  et  al.,
2010)They both play a role in the specific immune response to inflammation. [15, 16,  14,
17-19, 13, 20] (Sancho D et al.,2005;Geraldes L et al.,2010;Afeltra A et al.,1993;Ferenczi K
et  al.,2000;McDonald  GB  et  al.,1987;Miki-Hosokawa  T  et  al.,2009;Oczenski  W  et  al.,
2003;Vance BA et  al.,2005)  To our knowledge,  there is  little  information available  about
the  expression  of  CD69  and  HLA-DR  on  peripheral  blood  CD3+  T-lymphocytes  in  pa‐
tients  with AF.Thus we designed an experiment  to  investigate  the relationship between
the activation of peripheral blood CD3+ T-lymphocytes and AF by flow cytometric analy‐
sis that we aimed to provide more evidences to support this phenomenon (Liu L, et al.,
2012;53(4):221-4.)

Fifty paroxysmal AF patients and fifty-six persistent AF patients, underwent successful elec‐
trical cardioversion, were enrolled in this study. Percentage of CD69 and Human leukocyte
antigen DR (HLA-DR) positive peripheral blood CD3+ T-lymphocyte, which indicates T-
lymphocyte activation, were examined by flow cytometric analysis in the patients and fifty-
one healthy controls. Patients groups had higher levels of CD69 and HLA-DR than healthy
controls. During three-month follow-up, 37 patients had recurrence of AF (recurrence
group) and 50 patients remained in sinus (sinus group).

The results showed that Patients with AF groups had higher levels of CD69 and HLA-DR
than healthy controls. The mean value of CD69 was significantly up-regulated in patients
with paroxysmal (1.48%±0.42) and persistent AF (1.55%±0.38) compared with healthy indi‐
viduals (1.07%±0.37; all p<0.001). The mean value of HLA-DR was also significantly up-
regulated in patients with paroxysmal (35.16%±10.89) and persistent AF (37.73%±10.78)
compared with healthy individuals (26.6%±8.41; all p<0.001. Figure 4)

Atrial Fibrillation - Mechanisms and Treatment50

Figure 4. Percentage of CD3+CD69+ T-lymphocytes (A) and CD3+HLA-DR+ T-lymphocytes (B) were shown, respectively.

During three-month follow-up, 37 patients had recurrence of AF (recurrence group) and 50
patients remained in sinus (sinus group). The results demonstrated that the mean values of
CD69 and HLA-DR in sinus group at follow-up (1.17%±0.38, 28.71%±8.70) were all signifi‐
cantly down-regulated compared with before cardioversion (1.45%±0.44, 34.71%±9.75; all
p<0.05). However, there were no statistically significant differences between recurrence
group at follow-up (1.57%±0.39, 36.40%±9.32) and before cardioversion (1.60%±0.35, 37.72%
±11.11; p=0.721, p=0.544. Figure.5)

Figure 5. The mean values of CD3+CD69+ T-lymphocytes (A) and CD3+HLA-DR+ T-lymphocytes (B) in the sinus group
and recurrence group at follow-up and before cardioversion.
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Before we received the result,we conduct the baseline clinical Caracteristics of the Studied
Population to ensure facticity of the results (Table 2).

Control

(n=51)

Paroxysmal AF (n=50) Persistent AF (n=56) p

Age(yrs) 64.4±8.5 64.3±9.5 67.2±9.7 0.176

Men 31 (61%) 32 (64%) 34 (61%) 0.927

Hypertension 13 (25%) 20 (40%) 25 (45%) 0.106

Hyperlipidemia 11 (22%) 8 (16%) 7 (13%) 0.448

Diabetes 2 (4%) 3 (6%) 5 (9%) 0.566

Drugs:

ACE-I/ARB 10 (20%) 11 (22%) 21 (38%) 0.074

Statins 8 (16%) 7 (14%) 6 (11%) 0.743

β-blockers 8 (16%) 26 (52%) 30 (54%) <0.001

CCBs 5 (10%) 12 (24%) 7 (13%) 0.108

WBC count(per uL) 6349±1891 6768±1859 6375±1663 0.819

Lymphocytes(%) 30.9±3.8 32.5±4.3 31.5±4.1 0.147

Monocytes(%) 5.5±1.2 5.8±1.1 5.4±1.1 0.123

CRP(mg/dl) 0.24±0.12 0.48±0.25 0.60±0.22* <0.001

Table 2. Caracteristics of the Studied Population

ACEI indicates angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor block‐
ing agents; CCBs, calcium channel blockers; WBC, white blood cells; CRP, C-reactive pro‐
tein; p, probability of significance (difference among three groups); and *, p<0.05 persistent
AF vs paroxysmal AF.

In this study, we found that the respective expression of CD69 and HLA-DR on peripheral
blood CD3+ T-lymphocytes in AF patients was significantly higher than control group,
which might suggest that high expression of CD69 and HLA-DR was associated with AF. In
the subsequent follow-up, we further found that the expression of CD69 and HLA-DR in si‐
nus group at follow-up was significantly down-regulated compared with before cardiover‐
sion. However, the expression of CD69 and HLA-DR in recurrence group at follow-up was
not significantly down-regulated. It might further support that the CD69 and HLA-DR lev‐
els were related with the state of AF.

As demonstrated by the present study, there was a link between high expression of CD69
and HLA-DR and AF. CD69, known as an early activation marker of lymphocytes, is a type
II transmembrane glucoprotein and may enhance activation and proliferation/differentiation
of T-lymphocytes. (Sancho D et al. 2005;Vance BA et al.,2005;Beeler A et al.,2008;Creeners P
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et al.,2002) HLA-DR belongs to the MHC class II system which is known as a late activation
marker of lymphocytes. It is required for antigen presentation and activation of helper T-
lymphocytes. (Geraldes L et al.,2010;Oczenski W et al.,2003;Bobryshev YV et al.,2011)They
respectively expressed in some inflammatory infiltrates and played important roles in the
pathogenesis of some inflammatory diseases such as allergic airway inflammation, (Miki-
Hosokawa T et al.,2009;Wang HY et al.,2006) rheumatoid arthritis, (Afeltra A et al.,1993)
psoriasis vulgaris lesional skin active inflammatory bowel disease (McDonald GB et al.,
1987). So the increase of CD69 and HLA-DR on CD3+ T-lymphocytes implied there is an acti‐
vation of peripheral blood CD3+ T-lymphocytes in AF patients.

In fact, the activation of peripheral blood CD3+ T-lymphocytes maybe plays an important
role in the pathogenesis of AF. A few studies reported that some inflammatory lympho‐
cytes, such as CD45+ cells, CD3+ T cells, and CD68+ macrophages, infiltrated in the endomyo‐
cardial in patients with AF, which supported the local activation of T-lymphocytes played a
role in the pathogenesis of AF.(Chen MC et al.,2008;Nakamura Y et al.,2003;Yamashita T et
al.,2010) On the other hand, a lot of studies reported that serum or plasma inflammation bio‐
markers, such as C-reactive protein (CRP), interleukin (IL)-6, IL-8, IL-10, tumor necrosis fac‐
tor (TNF)-α, monocyte chemotactic protein (MCP)-1, vascular endothelial growth factor
(VEGF), et al., increased in AF patients, which supported T-cell-associated chronic inflam‐
matory responses might involve in the pathogenesis of AF. (Chung MK et al.,2001;Heman‐
dez Madrid A et al.,2007;Li J et al.,2010;Psychari SN et al.,2005) In our study, we provided
another evidence to support that there is an activation of peripheral blood CD3+ T-lympho‐
cytes in AF patients, demonstrated by the upregulation of CD69 and HLA-DR by flow cyto‐
metric analysis.

Generally, our study here further emphasize that activation of T cells is involved in AF. As
we all know, T-lymphocytes are the main cells participate in cell-mediated immunity, which
is one of the primary ways of human immune. It can be suppressed by many immunosup‐
pressants such as Cyclosporine, Rapamycin, et al. If the activation of peripheral blood T-
lymphocytes does participate in the pathogenesis of AF, maybe we can prevent recurrence
of AF through suppressing the activation of peripheral blood T-lymphocytes.

As for the underlying mechanisms of activated peripheral blood CD3+ T-lymphocytes partic‐
ipates in the progression of AF, we speculate the following three possibilities. Firstly, the ac‐
tivation of peripheral blood CD3+ T-lymphocytes might cause the upregulation of IL-6 and
MCP-1, which could affect the contractility and electrical stability of myocytes inhomogene‐
ously and induce fibroblast activation leading to deposits of extracellular matrix fibrosis.
(Ramos-Mondragon R et al.,2008) Secondly, activation of peripheral blood CD3+ T-lympho‐
cytes might promote the local immunologic inflammatory responses in the endomyocardial,
and promote infiltrate of inflammatory lymphomononuclear in the endomyocardial in pa‐
tients with AF. Thirdly, the activation of peripheral blood CD3+ T-lymphocytes could acti‐
vate the calcineurin-nuclear factor, which involve in the T-lymphocytes signal transduction
pathway. (Lin CC et al., 2004)

It is important to note that there are several limitations that need to be addressed regarding
this study. Firstly, The results cannot be taken as evidence to support that CD69 and HLA-
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Table 2. Caracteristics of the Studied Population

ACEI indicates angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor block‐
ing agents; CCBs, calcium channel blockers; WBC, white blood cells; CRP, C-reactive pro‐
tein; p, probability of significance (difference among three groups); and *, p<0.05 persistent
AF vs paroxysmal AF.

In this study, we found that the respective expression of CD69 and HLA-DR on peripheral
blood CD3+ T-lymphocytes in AF patients was significantly higher than control group,
which might suggest that high expression of CD69 and HLA-DR was associated with AF. In
the subsequent follow-up, we further found that the expression of CD69 and HLA-DR in si‐
nus group at follow-up was significantly down-regulated compared with before cardiover‐
sion. However, the expression of CD69 and HLA-DR in recurrence group at follow-up was
not significantly down-regulated. It might further support that the CD69 and HLA-DR lev‐
els were related with the state of AF.

As demonstrated by the present study, there was a link between high expression of CD69
and HLA-DR and AF. CD69, known as an early activation marker of lymphocytes, is a type
II transmembrane glucoprotein and may enhance activation and proliferation/differentiation
of T-lymphocytes. (Sancho D et al. 2005;Vance BA et al.,2005;Beeler A et al.,2008;Creeners P
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et al.,2002) HLA-DR belongs to the MHC class II system which is known as a late activation
marker of lymphocytes. It is required for antigen presentation and activation of helper T-
lymphocytes. (Geraldes L et al.,2010;Oczenski W et al.,2003;Bobryshev YV et al.,2011)They
respectively expressed in some inflammatory infiltrates and played important roles in the
pathogenesis of some inflammatory diseases such as allergic airway inflammation, (Miki-
Hosokawa T et al.,2009;Wang HY et al.,2006) rheumatoid arthritis, (Afeltra A et al.,1993)
psoriasis vulgaris lesional skin active inflammatory bowel disease (McDonald GB et al.,
1987). So the increase of CD69 and HLA-DR on CD3+ T-lymphocytes implied there is an acti‐
vation of peripheral blood CD3+ T-lymphocytes in AF patients.

In fact, the activation of peripheral blood CD3+ T-lymphocytes maybe plays an important
role in the pathogenesis of AF. A few studies reported that some inflammatory lympho‐
cytes, such as CD45+ cells, CD3+ T cells, and CD68+ macrophages, infiltrated in the endomyo‐
cardial in patients with AF, which supported the local activation of T-lymphocytes played a
role in the pathogenesis of AF.(Chen MC et al.,2008;Nakamura Y et al.,2003;Yamashita T et
al.,2010) On the other hand, a lot of studies reported that serum or plasma inflammation bio‐
markers, such as C-reactive protein (CRP), interleukin (IL)-6, IL-8, IL-10, tumor necrosis fac‐
tor (TNF)-α, monocyte chemotactic protein (MCP)-1, vascular endothelial growth factor
(VEGF), et al., increased in AF patients, which supported T-cell-associated chronic inflam‐
matory responses might involve in the pathogenesis of AF. (Chung MK et al.,2001;Heman‐
dez Madrid A et al.,2007;Li J et al.,2010;Psychari SN et al.,2005) In our study, we provided
another evidence to support that there is an activation of peripheral blood CD3+ T-lympho‐
cytes in AF patients, demonstrated by the upregulation of CD69 and HLA-DR by flow cyto‐
metric analysis.

Generally, our study here further emphasize that activation of T cells is involved in AF. As
we all know, T-lymphocytes are the main cells participate in cell-mediated immunity, which
is one of the primary ways of human immune. It can be suppressed by many immunosup‐
pressants such as Cyclosporine, Rapamycin, et al. If the activation of peripheral blood T-
lymphocytes does participate in the pathogenesis of AF, maybe we can prevent recurrence
of AF through suppressing the activation of peripheral blood T-lymphocytes.

As for the underlying mechanisms of activated peripheral blood CD3+ T-lymphocytes partic‐
ipates in the progression of AF, we speculate the following three possibilities. Firstly, the ac‐
tivation of peripheral blood CD3+ T-lymphocytes might cause the upregulation of IL-6 and
MCP-1, which could affect the contractility and electrical stability of myocytes inhomogene‐
ously and induce fibroblast activation leading to deposits of extracellular matrix fibrosis.
(Ramos-Mondragon R et al.,2008) Secondly, activation of peripheral blood CD3+ T-lympho‐
cytes might promote the local immunologic inflammatory responses in the endomyocardial,
and promote infiltrate of inflammatory lymphomononuclear in the endomyocardial in pa‐
tients with AF. Thirdly, the activation of peripheral blood CD3+ T-lymphocytes could acti‐
vate the calcineurin-nuclear factor, which involve in the T-lymphocytes signal transduction
pathway. (Lin CC et al., 2004)

It is important to note that there are several limitations that need to be addressed regarding
this study. Firstly, The results cannot be taken as evidence to support that CD69 and HLA-
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DR play a role in the pathogenesis of AF, it only indicate the possible association of CD69
and HLA-DR with AF. Secondly, how CD69 and HLA-DR contribute to the pathogenesis of
AF and what is the underlying mechanism need to be further investigated. Thirdly, we did
not study the influence of other immune activation-associated molecules (CD25, CD71, and
CD122, et al) and co-stimulatory molecules (CD28, CTLA-4, CD80, CD86, et al) during the
progression of AF.

3. Summary

The activation of  peripheral  blood CD3+ T-lymphocytes and immunologic inflammatory
responses played a role in the pathogenesis of AF,and might be a diagnostic or therapeu‐
tic  marker.  Dietary  n-3  PUFA  supplementation  attenuates  the  inducibility  and  mainte‐
nance  of  AF  in  the  sterile  pericarditis  model  by  reducing  the  production  of
proinflammatory cytokines.

Author details

Qiang-Sun Zheng, Hong-Tao Wang, Zhong Zhang, Jun Li, Li Liu and Bo-yuan Fan

*Address all correspondence to: qiangsun_tdxn@hotmail.com

Tangdu Hospital, Fourth Military Medical University, Xi' an, China

Hong-Tao Wang and Zhong Zhang contributed equally in this work.

References

[1] Albert CM, Campos H, Stampfer MJ, Ridker PM, Manson JE, Willett WC, Ma J. Blood
levels of long-chain n-3 fatty acids and the risk of sudden death. N Engl J Med
2002;346(15):1113-8.

[2] Hu FB, Bronner L, Willett WC, Stampfer MJ, Rexrode KM, Albert CM, Hunter D,
Manson JE.Fish and omega-3 fatty acid intake and risk of coronary heart disease in
women. JAMA 2002;287(14):1815-21.

[3] Zhang Z, Zhang C, Wang H, Zhao J, Liu L, Lee J, He Y, Zheng Q.n-3 polyunsaturated
fatty acids prevents atrial fibrillation by inhibiting inflammation in a canine sterile
pericarditis model. Int J Cardiol. 2011;153(1):14-20.

[4] Bruins P, te Velthuis H, Yazdanbakhsh AP, Jansen PG, van Hardevelt FW, de Beau‐
mont EM, Wildevuur CR, Eijsman L, Trouwborst A, Hack CE.Activation of the com‐

Atrial Fibrillation - Mechanisms and Treatment54

plement system during and after cardiopulmonary bypass surgery: postsurgery
activation involves C-reactive protein and is associated with postoperative arrhyth‐
mia. Circulation 1997;96 (10):3542-8.

[5] Chung MK, Martin DO, Sprecher D, Wazni O, Kanderian A, Carnes CA, Bauer JA,
Tchou PJ, Niebauer MJ, Natale A, Van Wagoner DR.C-reactive protein elevation in
patients with atrial arrhythmias: Inflammatory mechanisms and persistence of atrial
fibrillation. Circulation 2001;104:2886-2891.

[6] Hernandez Madrid A, Moro C. Atrial fibrillation and c-reactive protein: Searching
for local inflammation. J Am Coll Cardiol 2007;49:1649-1650.

[7] Li J, Solus J, Chen Q, Rho YH, Milne G, Stein CM, Darbar D. Role of inflammation
and oxidative stress in atrial fibrillation. Heart Rhythm 2010;7:438-444.

[8] Psychari SN, Apostolou TS, Sinos L, Hamodraka E, Liakos G, Kremastinos DT. Rela‐
tion of elevated c-reactive protein and interleukin-6 levels to left atrial size and dura‐
tion of episodes in patients with atrial fibrillation. Am J Cardiol 2005;95:764-767.

[9] Chen MC, Chang JP, Liu WH, Yang CH, Chen YL, Tsai TH, Wang YH, Pan KL. In‐
creased inflammatory cell infiltration in the atrial myocardium of patients with atrial
fibrillation. Am J Cardiol 2008;102:861-865.

[10] Nakamura Y, Nakamura K, Fukushima-Kusano K, Ohta K, Matsubara H, Hamuro T,
Yutani C, Ohe T.Tissue factor expression in atrial endothelia associated with non‐
valvular atrial fibrillation: Possible involvement in intracardiac thrombogenesis.
Thromb Res 2003;111:137-142.

[11] Yamashita T, Sekiguchi A, Iwasaki YK, Date T, Sagara K, Tanabe H, Suma H, Sawada
H, Aizawa T.Recruitment of immune cells across atrial endocardium in human atrial
fibrillation. Circ J 2010;74:262-270.

[12] Caruso A, Licenziati S, Corulli M, Canaris AD, De Francesco MA, Fiorentini S, Peroni
L, Fallacara F, Dima F, Balsari A, Turano A.Flow cytometric analysis of activation
markers on stimulated t cells and their correlation with cell proliferation. Cytometry
1997;27:71-76.

[13] Reddy M, Eirikis E, Davis C, Davis HM, Prabhakar U. Comparative analysis of lym‐
phocyte activation marker expression and cytokine secretion profile in stimulated
human peripheral blood mononuclear cell cultures: An in vitro model to monitor cel‐
lular immune function. J Immunol Methods 2004;293:127-142.

[14] Sancho D, Gomez M, Sanchez-Madrid F. Cd69 is an immunoregulatory molecule in‐
duced following activation. Trends Immunol 2005;26:136-140.

[15] Geraldes L, Morgado J, Almeida A, Todo-Bom A, Santos P, Paiva A, Cheira C, Pais
ML.Expression patterns of hla-dr+ or hla-dr- on cd4+/cd25++/cd127low regulatory t
cells in patients with allergy. J Investig Allergol Clin Immunol 2010;20:201-209.

Effect of CD3+ T-Lymphocyte and n-3 Polyunsaturated Fatty Acids on the Diagnosis or Treatment of Atrial Fibrillation
http://dx.doi.org/10.5772/54167

55



DR play a role in the pathogenesis of AF, it only indicate the possible association of CD69
and HLA-DR with AF. Secondly, how CD69 and HLA-DR contribute to the pathogenesis of
AF and what is the underlying mechanism need to be further investigated. Thirdly, we did
not study the influence of other immune activation-associated molecules (CD25, CD71, and
CD122, et al) and co-stimulatory molecules (CD28, CTLA-4, CD80, CD86, et al) during the
progression of AF.

3. Summary

The activation of  peripheral  blood CD3+ T-lymphocytes and immunologic inflammatory
responses played a role in the pathogenesis of AF,and might be a diagnostic or therapeu‐
tic  marker.  Dietary  n-3  PUFA  supplementation  attenuates  the  inducibility  and  mainte‐
nance  of  AF  in  the  sterile  pericarditis  model  by  reducing  the  production  of
proinflammatory cytokines.

Author details

Qiang-Sun Zheng, Hong-Tao Wang, Zhong Zhang, Jun Li, Li Liu and Bo-yuan Fan

*Address all correspondence to: qiangsun_tdxn@hotmail.com

Tangdu Hospital, Fourth Military Medical University, Xi' an, China

Hong-Tao Wang and Zhong Zhang contributed equally in this work.

References

[1] Albert CM, Campos H, Stampfer MJ, Ridker PM, Manson JE, Willett WC, Ma J. Blood
levels of long-chain n-3 fatty acids and the risk of sudden death. N Engl J Med
2002;346(15):1113-8.

[2] Hu FB, Bronner L, Willett WC, Stampfer MJ, Rexrode KM, Albert CM, Hunter D,
Manson JE.Fish and omega-3 fatty acid intake and risk of coronary heart disease in
women. JAMA 2002;287(14):1815-21.

[3] Zhang Z, Zhang C, Wang H, Zhao J, Liu L, Lee J, He Y, Zheng Q.n-3 polyunsaturated
fatty acids prevents atrial fibrillation by inhibiting inflammation in a canine sterile
pericarditis model. Int J Cardiol. 2011;153(1):14-20.

[4] Bruins P, te Velthuis H, Yazdanbakhsh AP, Jansen PG, van Hardevelt FW, de Beau‐
mont EM, Wildevuur CR, Eijsman L, Trouwborst A, Hack CE.Activation of the com‐

Atrial Fibrillation - Mechanisms and Treatment54

plement system during and after cardiopulmonary bypass surgery: postsurgery
activation involves C-reactive protein and is associated with postoperative arrhyth‐
mia. Circulation 1997;96 (10):3542-8.

[5] Chung MK, Martin DO, Sprecher D, Wazni O, Kanderian A, Carnes CA, Bauer JA,
Tchou PJ, Niebauer MJ, Natale A, Van Wagoner DR.C-reactive protein elevation in
patients with atrial arrhythmias: Inflammatory mechanisms and persistence of atrial
fibrillation. Circulation 2001;104:2886-2891.

[6] Hernandez Madrid A, Moro C. Atrial fibrillation and c-reactive protein: Searching
for local inflammation. J Am Coll Cardiol 2007;49:1649-1650.

[7] Li J, Solus J, Chen Q, Rho YH, Milne G, Stein CM, Darbar D. Role of inflammation
and oxidative stress in atrial fibrillation. Heart Rhythm 2010;7:438-444.

[8] Psychari SN, Apostolou TS, Sinos L, Hamodraka E, Liakos G, Kremastinos DT. Rela‐
tion of elevated c-reactive protein and interleukin-6 levels to left atrial size and dura‐
tion of episodes in patients with atrial fibrillation. Am J Cardiol 2005;95:764-767.

[9] Chen MC, Chang JP, Liu WH, Yang CH, Chen YL, Tsai TH, Wang YH, Pan KL. In‐
creased inflammatory cell infiltration in the atrial myocardium of patients with atrial
fibrillation. Am J Cardiol 2008;102:861-865.

[10] Nakamura Y, Nakamura K, Fukushima-Kusano K, Ohta K, Matsubara H, Hamuro T,
Yutani C, Ohe T.Tissue factor expression in atrial endothelia associated with non‐
valvular atrial fibrillation: Possible involvement in intracardiac thrombogenesis.
Thromb Res 2003;111:137-142.

[11] Yamashita T, Sekiguchi A, Iwasaki YK, Date T, Sagara K, Tanabe H, Suma H, Sawada
H, Aizawa T.Recruitment of immune cells across atrial endocardium in human atrial
fibrillation. Circ J 2010;74:262-270.

[12] Caruso A, Licenziati S, Corulli M, Canaris AD, De Francesco MA, Fiorentini S, Peroni
L, Fallacara F, Dima F, Balsari A, Turano A.Flow cytometric analysis of activation
markers on stimulated t cells and their correlation with cell proliferation. Cytometry
1997;27:71-76.

[13] Reddy M, Eirikis E, Davis C, Davis HM, Prabhakar U. Comparative analysis of lym‐
phocyte activation marker expression and cytokine secretion profile in stimulated
human peripheral blood mononuclear cell cultures: An in vitro model to monitor cel‐
lular immune function. J Immunol Methods 2004;293:127-142.

[14] Sancho D, Gomez M, Sanchez-Madrid F. Cd69 is an immunoregulatory molecule in‐
duced following activation. Trends Immunol 2005;26:136-140.

[15] Geraldes L, Morgado J, Almeida A, Todo-Bom A, Santos P, Paiva A, Cheira C, Pais
ML.Expression patterns of hla-dr+ or hla-dr- on cd4+/cd25++/cd127low regulatory t
cells in patients with allergy. J Investig Allergol Clin Immunol 2010;20:201-209.

Effect of CD3+ T-Lymphocyte and n-3 Polyunsaturated Fatty Acids on the Diagnosis or Treatment of Atrial Fibrillation
http://dx.doi.org/10.5772/54167

55



[16] Afeltra A, Galeazzi M, Ferri GM, Amoroso A, De Pità O, Porzio F, Bonomo L. Expres‐
sion of cd69 antigen on synovial fluid t cells in patients with rheumatoid arthritis and
other chronic synovitis. Ann Rheum Dis 1993;52:457-460.

[17] Ferenczi K, Burack L, Pope M, Krueger JG, Austin LM. Cd69, hla-dr and the il-2r
identify persistently activated t cells in psoriasis vulgaris lesional skin: Blood and
skin comparisons by flow cytometry. J Autoimmun 2000;14:63-78.

[18] McDonald GB, Jewell DP. Class ii antigen (hla-dr) expression by intestinal epithelial
cells in inflammatory diseases of colon. J Clin Pathol. 1987;40:312-317

[19] Miki-Hosokawa T, Hasegawa A, Iwamura C, Shinoda K, Tofukuji S, Watanabe Y,
Hosokawa H, Motohashi S, Hashimoto K, Shirai M, Yamashita M, Nakayama T.Cd69
controls the pathogenesis of allergic airway inflammation. J Immunol
2009;183:8203-8215.

[20] Oczenski W, Krenn H, Jilch R, Watzka H, Waldenberger F, Köller U, Schwarz S, Fitz‐
gerald RD.Hla-dr as a marker for increased risk for systemic inflammation and septic
complications after cardiac surgery. Intensive Care Med 2003;29:1253-1257.

[21] Vance BA, Harley PH, Backlund PS, Ward Y, Phelps TL, Gress RE. Human cd69 as‐
sociates with an n-terminal fragment of calreticulin at the cell surface. Arch Biochem
Biophys 2005;438:11-20.

[22] Liu L, Lee J, Fu G, Liu X, Wang H, Zhang Z, Zheng Q.Activation of Peripheral Blood
CD3+ T-lymphocytes in Patients With Atrial Fibrillation. Int Heart J. 2012;53(4):221-4.

[23] Beeler A, Zaccaria L, Kawabata T, Gerber BO, Pichler WJ. Cd69 upregulation on t
cells as an in vitro marker for delayed-type drug hypersensitivity. Allergy
2008;63:181-188.

[24] Creemers P, Brink J, Wainwright H, Moore K, Shephard E, Kahn D. Evaluation of pe‐
ripheral blood cd4 and cd8 lymphocyte subsets, cd69 expression and histologic rejec‐
tion grade as diagnostic markers for the presence of cardiac allograft rejection.
Transpl Immunol 2002;10:285-292.

[25] Bobryshev YV, Moisenovich MM, Pustovalova OL, Agapov, II, Orekhov AN. Wide‐
spread distribution of hla-dr-expressing cells in macroscopically undiseased intima
of the human aorta: A possible role in surveillance and maintenance of vascular ho‐
meostasis. Immunobiology 2011

[26] Wang HY,shen HH,Lee JJ,Lee NA.Cd69 expression on airway eosinophils and air‐
way inflammation in a murine model of asthma.Chin Med J(Engl)2006;119:1983-1990.

Atrial Fibrillation - Mechanisms and Treatment56

Section 2

Mechanisms



[16] Afeltra A, Galeazzi M, Ferri GM, Amoroso A, De Pità O, Porzio F, Bonomo L. Expres‐
sion of cd69 antigen on synovial fluid t cells in patients with rheumatoid arthritis and
other chronic synovitis. Ann Rheum Dis 1993;52:457-460.

[17] Ferenczi K, Burack L, Pope M, Krueger JG, Austin LM. Cd69, hla-dr and the il-2r
identify persistently activated t cells in psoriasis vulgaris lesional skin: Blood and
skin comparisons by flow cytometry. J Autoimmun 2000;14:63-78.

[18] McDonald GB, Jewell DP. Class ii antigen (hla-dr) expression by intestinal epithelial
cells in inflammatory diseases of colon. J Clin Pathol. 1987;40:312-317

[19] Miki-Hosokawa T, Hasegawa A, Iwamura C, Shinoda K, Tofukuji S, Watanabe Y,
Hosokawa H, Motohashi S, Hashimoto K, Shirai M, Yamashita M, Nakayama T.Cd69
controls the pathogenesis of allergic airway inflammation. J Immunol
2009;183:8203-8215.

[20] Oczenski W, Krenn H, Jilch R, Watzka H, Waldenberger F, Köller U, Schwarz S, Fitz‐
gerald RD.Hla-dr as a marker for increased risk for systemic inflammation and septic
complications after cardiac surgery. Intensive Care Med 2003;29:1253-1257.

[21] Vance BA, Harley PH, Backlund PS, Ward Y, Phelps TL, Gress RE. Human cd69 as‐
sociates with an n-terminal fragment of calreticulin at the cell surface. Arch Biochem
Biophys 2005;438:11-20.

[22] Liu L, Lee J, Fu G, Liu X, Wang H, Zhang Z, Zheng Q.Activation of Peripheral Blood
CD3+ T-lymphocytes in Patients With Atrial Fibrillation. Int Heart J. 2012;53(4):221-4.

[23] Beeler A, Zaccaria L, Kawabata T, Gerber BO, Pichler WJ. Cd69 upregulation on t
cells as an in vitro marker for delayed-type drug hypersensitivity. Allergy
2008;63:181-188.

[24] Creemers P, Brink J, Wainwright H, Moore K, Shephard E, Kahn D. Evaluation of pe‐
ripheral blood cd4 and cd8 lymphocyte subsets, cd69 expression and histologic rejec‐
tion grade as diagnostic markers for the presence of cardiac allograft rejection.
Transpl Immunol 2002;10:285-292.

[25] Bobryshev YV, Moisenovich MM, Pustovalova OL, Agapov, II, Orekhov AN. Wide‐
spread distribution of hla-dr-expressing cells in macroscopically undiseased intima
of the human aorta: A possible role in surveillance and maintenance of vascular ho‐
meostasis. Immunobiology 2011

[26] Wang HY,shen HH,Lee JJ,Lee NA.Cd69 expression on airway eosinophils and air‐
way inflammation in a murine model of asthma.Chin Med J(Engl)2006;119:1983-1990.

Atrial Fibrillation - Mechanisms and Treatment56

Section 2

Mechanisms



Chapter 4

New Candidate Genes in Atrial Fibrillation
Polymorphisms of the Alpha 2-Beta-Adrenoceptor and
the Endothelial NO Synthase Genes in Atrial Fibrillation
of Different Etiological Origins

Svetlana Nikulina, Vladimir Shulman,
Ksenya Dudkina, Anna Chernova and
Oksana Gavrilyuk

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53527

1. Introduction

Molecular and genetic bases of atherosclerosis, cardiomyopathy, hypertension are the most
studied among cardiovascular diseases. Recently, search for genetic markers associated with
various rhythm disorders and conduction attracts researchers. The greatest attention is paid
to the genetic aspects of atrial fibrillation as the most frequent and dangerous arrhythmia.

Atrial fibrillation represents the most common type of arrhythmia in clinical practice. The
prevalence of atrial fibrillation is 0.4% in the general population and it increases with age
[1]. According to the Framingham study atrial fibrillation doubles mortality in cardiac pa‐
tients and is responsible for 1 \ 3 thromboembolic episodes [2-4]. That's why finding of ge‐
nealogical and genetic aspects of atrial fibrillation predictors of its occurrence is relevant and
offers opportunities for early diagnosis and timely prevention of this pathology.

In most cases, this rhythm disorder is secondary, i.e. it’s caused by a disease. But at least in
the 1 \ 3 cases etiology of atrial fibrillation cannot be established. Such arrhythmia is known
to refer to the terms - idiopathic atrial fibrillation, primary atrial fibrillation, or "isolated at‐
rial fibrillation» (lone atrial fibrillation). It is believed that a significant number of primary
atrial fibrillation cases are caused by a hereditary factor [5-10]. However, even in the secon‐
dary atrial fibrillation a hereditary component is not excluded in the development of ar‐
rhythmia. In the 90s of the 20th century many papers associated with the genealogy of atrial
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fibrillation described some families whose members had atrial fibrillation and / or atrial flut‐
ter [7-9, 11, 12].

Molecular researches of AF are concentrated generally in 2 directions: 1. Identification of
genes which mutations lead to arrhythmia (inheritance of such mutations occurs according
to the classical Mendel type). 2. Studying of polymorphisms of various genes, so-called
genes of susceptibility or genes – candidates.

In this regard, some of the most promising genetic markers are polymorphisms of gene al‐
pha 2-beta-adrenoceptor (ADRA2V). Gene ADRA2V is located on the long arm of chromo‐
some 2 (2q11.2), it has no introns. It encodes a2β-adrenergic receptor [13]. Adrenergic
receptors - a class of receptors coupled to G-proteins activated by catecholamines [13, 14].
There are at least four groups of receptors that differ in their mediated effects, localization
and affinity for different substances: alpha-1, alpha 2, beta 1 and beta-2 adrenergic receptors
[15, 16]. A2 - adrenergic receptors include three subtypes: α2a, a2β and α2c [17].

All these proteins have a similar structure and are associated with G-protein [13]. Receptors
of α2 family are important components of vegetative nervous system and provide a physio‐
logical response to sympathetic stimulation. A role of the sympathoadrenal stimulation of
the atria in the pathogenesis of AF was shown in the works of P. Coumel et al. [18] in 1982.

Molecules of nitric oxide (NO) can play a definite role in the pathogenesis of AF. Nitric ox‐
ide in the human body is continuously produced by fermentation from L - arginine and
serves as a universal messenger inside and intercellular signaling [19]. The catalyst of this
reaction is synthase NO (NO-synthase, or NOS, the enzyme code 1.14.13.39) [19]. Influenced
by NO-synthase oxidation of L - arginine and nitric oxide synthesis in endothelial cells of
blood vessels take place. Then, getting out of endothelial cells into the smooth muscle cells,
nitric oxide activates soluble guanylate cyclase, that leads to increased level of cyclic GMP,
activation of cyclic GMP - dependent protein kinases, changes in calcium concentration and
sensitivity of conducting cardiac myocytes receptors to the level of catecholamines. In 2005
M. Kim showed that the decrease in the production of NO-synthase can cause oxidative
stress and lead to changes in myocardial conduction system, thereby contributing to the de‐
velopment of AF [20]. Polymorphism rs1799983 in exon 7 of the gene NOS3, replacement of
G to T in position 894 of the nucleotide sequence leads to the replacement glu298-to-asp
(E298D) in the amino acid sequence. So far, the influence of polymorphisms of gene
ADRA2B and gene of endothelial NO-synthase on the development of atrial fibrillation has
not been investigated.

1.1. Genealogical and genetic aspects of atrial fibrillation

The first familial cases of atrial fibrillation were described in 1943 [21]. In 1950 for the first
time Gould pointed out a significant role of heredity in the atrial fibrillation development.
He described the family susceptibility to atrial fibrillation, monitored the history of atrial fi‐
brillation in several generations of this family for 36 years [22]. In 1998 T. Tikanoja et al. [23]
have published data about the development of familial atrial fibrillation in two fetuses at 23
and 25 weeks of fetal development, and both babies were born with ongoing atrial fibrilla‐
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tion. Researchers have shown particular interest to families that had an accumulation of in‐
traventricular conduction disturbances, combined with a variety of tachyarrhythmias.
Families whose members in several generations suffered from atrial fibrillation and/or atrial
flutter in a combination with a blockade of various branches of His bundle or atrio-ventricu‐
lar block [24-27] were described.

C.S. Fox et al. indicated that atrial fibrillation in the parents increases the risk of atrial fibril‐
lation for posterity. Among the examined 2243 patients with atrial fibrillation 681patients
(30%) had at least one parent with the registered atrial fibrillation [9]. Postulational piority
of the autosomal dominant model atrial fibrillation belongs to J. Girona et al. (1997). They
presented two families in which 20 out of 70 members had paroxysmal or persistent atrial
fibrillation [28]. A. Gillor, E. Korsch in 1992 [29] described a family case of idiopathic atrial
flutter. In this family, two male children were diagnosed with atrial flutter; they were the
third and sixth children of seven. Other five children were girls. Two daughters died, the
first daughter died at the age of twenty days, parents do not know the cause of death, the
fourth - at the age of 5 years, probably from meningitis.

In 1996 French scientists P. Poret, P. Mabo, C. Deplace et al. studied a family with congenital
tachyarrhythmia. In three generations five members of the family were diagnosed with idio‐
pathic atrial fibrillation since the young age. The examination of the sick relatives revealed
hypertrophy of both atria, mitral and tricuspid regurgitation [27]. In 1997 R. Brugada et al.
[30, 31] carried out clinical, electrophysiological and genetic study of three Spanish families
with atrial fibrillation.

Genetic analysis revealed that the gene responsible for atrial fibrillation in this family is lo‐
calized on chromosome 10q in the area 10q22-24. Abnormal gene locus was placed between
D10S1694 and D10S1786. The authors supposed that candidate genes of this pathology were
genes of beta- adrenoreceptors (ADRB1), alpha- adrenoreceptors (ADRA2) and genes of G-
protein coupled receptor-kinase (GPRR5) as localized on the same chromosome 10 in locus
23 - 26. In these families atrial fibrillation was revealed in 21 out of 49 relatives. One of the
sick relatives (II-8) died at the age of 68 from stroke. The other relative (III-2) with paroxys‐
mal AF since 20 years' age, died suddenly at the age of 36, but an autopsy was not per‐
formed. 18 out of 19 living family members had chronic atrial fibrillation and 1 - paroxysmal
atrial fibrillation.

Finally, Chinese scientists H. Yang et al. identified 2 genes responsible for heredity of atrial
fibrillation. They appeared to be genes of proteins of potassium channels in myocytes. In
particular, H. Yang et al. [32] reported about replacement of arginine to cysteine in position
27 of gene KCNE2 on chromosome 21q22.1-22, encoding the beta subunit of potassium
channels. These mutations appeared in 2 out of 28 examined Chinese families with familial
atrial fibrillation. H. Yang et al. identified the mutation of (S140G) gene on chromosome
11p15.5, encoding the alpha subunit of the cardiac potassium channel. Atrial fibrillation oc‐
currence in these cases is due to the fact that in these genes function of the corresponding
potassium channels increases, leading to the shortening of potential action and atrial effec‐
tive refractory period. It should be recalled that paroxysmal atrial fibrillation is one of the
major phenotypic manifestations of the syndrome of short interval QT, in which the func‐
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tion of potassium channels is increased. Thus, the data of Chinese researchers suggest that
certain variants of familial atrial fibrillation can be attributed to channelopathies.

H. Yang et al. [32] in their work also showed an increase in the amount of protein connexin
43 with atrial fibrillation, the highest in the left atrium. Christiansen J. et al. [33] found that
mutation in gene 1q21.1, which leads to a decrease in connexin 40, promotes the develop‐
ment of abnormalities of the aortic arch with atrial fibrillation. Somatic mutations in the
gene encoding gap - junction protein connexin 40 (GJA5), myocardial protein involved in
the coordination of the electrical activity of the atria, can be a cause of idiopathic atrial fibril‐
lation in some cases [34].

“A significant part of patients have no obvious cause for the development of atrial fibrilla‐
tion and it is possible that 1/3 of these cases actually occurs due to mutations in GJA5 ", Mi‐
chael R. and H. Gollob wrote (University of Ottawa Heart Institute, Ontario, Canada). The
findings, published in New England Journal of Medicine, are based on analysis of GJA5 in
cardiac tissue and lymphocytes taken from 15 patients with idiopathic atrial fibrillation.
Four out of all these patients had heterozygous mutations in GJA5. Three patients had muta‐
tions in heart tissue but not in lymphocytes, that indicates a somatic origin of the defects.
The fourth patient's mutation was detected in both types of cells that suggest an embryonic
mutation. Dr. H. Gollob believes that connexin 40 may become the object of search for new
drugs to treat atrial fibrillation. The findings, according to the authors’ opinion, suggest that
the so-called idiopathic atrial fibrillation may have a genetic basis in the form of the defect,
limited by the sick tissue.

By the present moment a large quantity of data is stored that activity of renin-angiotensin-
aldosterone system (RAAS) is of great importance for formation of this peculiar «cardio‐
myopathies of auricles». A key component of RAAS, significantly affecting its activity
through the synthesis of angiotensin - II is a angiotensin-converting enzyme (ACE). ACE
gene, located on chromosome 17q23, consists of 26 exons and 25 introns [35, 36]. ACE gene
polymorphism concerns a fragment of intron 16 and it is connected with the insertion / dele‐
tion of 287 pairs of nucleotides and determines three genotypes - I / I, D / D and I / D. V.I.
Tseluyko et al. showed that ACE levels in plasma are significantly higher in patients with
genotype D / D than in genotype I / I. Heterozygotes have intermediate levels of ACE [37].
L.O. Minushkina, E.S. Gorshkova et al. (2010) studied association of genes β-adrenoceptors
of types 1, 2, and 3 (ADRB1, ADRB2, ADRB3), connexin (CX40) and a voltage - locked potas‐
sium channel of type 2 (KCNH2) with the occurrence of atrial fibrillation in patients with
hypertension. This study shows that for polymorphic marker Trp64Arg of gene ADRB3 Trp
allele frequency was significantly higher and the frequency of the Arg allele was significant‐
ly lower in patients with atrial fibrillation. In patients with atrial fibrillation frequency of the
homozygous genotypes Arg / Arg appeared to be significantly less [38, 39].

According to the analysis conducted by J.D. Roberts, M.H. Michael, M.H. Gollob [10] at
present a connection between atrial fibrillation and gene polymorphism of ion channels sub‐
units KCNQ1 [40], KCNA5 [41], KCNE2, KCNJ2, SCN5A, GJA5, NPPA is established. [10].
Several recent studies have focused on the association between the promoter polymor‐
phisms 786T/C of the endothelial nitric oxide synthase (eNOS) gene and susceptibility to at‐
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rial fibrillation (AF); however, results have been conflicting. In subgroup analysis, stratified
by ethnicity, we observed a positive association between the eNOS 786T/C polymorphism
and AF risk among Caucasians but not among mixed populations[42]. Meta-analysis sug‐
gests that there is insufficient evidence to demonstrate an association between ACE I/D
polymorphism and AF risk. However, there seems to be a significant association between
ACE I/D gene polymorphic variation and AF in patients with hypertension [43].

2. Results

2.1. Clinical polymorphism of atrial fibrillation in probands and their relatives

A total  of  100 probands with atrial  fibrillation and 150 of  their  relatives of  the I  st,  II  nd

and III  rd degree of relationship were examined. These families composed the study base
for our research.

The probands were searched during the course of their in-patient and out-patient treatment
in the Cardiological center of the Krasnoyarsk Regional clinical hospital № 20 named after
I.S. Berzon. The patients’ relatives were examined during doctors’ home visits and subse‐
quent check-ups in the Cardiological center. We also studied 91 patients without electrocar‐
diographic manifestations of cardio-vascular diseases (control group).

The families of the probands with atrial fibrillation were divided into two groups according
to the atrial fibrillation etiology:

1. Families of the probands with primary atrial fibrillation, in which clinical and instru‐
mental examination revealed no evident cause-effect relation with any cardio-vascular
diseases as well as other diseases which may have atrial fibrillation as a complication;

2. Families of the probands with secondary atrial fibrillation, in which the onset of this
dysrhythmia was due to specific diseases as ischemic heart disease, arterial hyperten‐
sion, dilated cardiomyopathy, gastroesophageal hernia and thyrotoxicosis.

The first group (families of the probands with primary atrial fibrillation) included 40 pro‐
bands (24 males and 16 females) and 79 of their relatives (23 males and 56 females), and the
second one (families of the probands with secondary atrial fibrillation) included 60 pro‐
bands (28 males and 32 females) and 71 of their relatives (20 males and 51 females). Atrial
fibrillation was revealed in 5 out of 79 relatives of the first group and in 1 out of 71 relatives
of the second group. Differentiated clinical and electrocardiographic characteristics of the
patients with primary atrial fibrillation are specified in Table 1.

Paroxysmal atrial fibrillation was revealed in 38 probands with primary atrial fibrillation
(95,0±3,4%) and paroxysmal atrial flutter was revealed in 2 persons (5,0±3,4%). Among the
sick relatives with primary atrial fibrillation (5 persons) paroxysmal atrial fibrillation was re‐
vealed in 5 persons (100%).
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mental examination revealed no evident cause-effect relation with any cardio-vascular
diseases as well as other diseases which may have atrial fibrillation as a complication;

2. Families of the probands with secondary atrial fibrillation, in which the onset of this
dysrhythmia was due to specific diseases as ischemic heart disease, arterial hyperten‐
sion, dilated cardiomyopathy, gastroesophageal hernia and thyrotoxicosis.

The first group (families of the probands with primary atrial fibrillation) included 40 pro‐
bands (24 males and 16 females) and 79 of their relatives (23 males and 56 females), and the
second one (families of the probands with secondary atrial fibrillation) included 60 pro‐
bands (28 males and 32 females) and 71 of their relatives (20 males and 51 females). Atrial
fibrillation was revealed in 5 out of 79 relatives of the first group and in 1 out of 71 relatives
of the second group. Differentiated clinical and electrocardiographic characteristics of the
patients with primary atrial fibrillation are specified in Table 1.

Paroxysmal atrial fibrillation was revealed in 38 probands with primary atrial fibrillation
(95,0±3,4%) and paroxysmal atrial flutter was revealed in 2 persons (5,0±3,4%). Among the
sick relatives with primary atrial fibrillation (5 persons) paroxysmal atrial fibrillation was re‐
vealed in 5 persons (100%).
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Atrial fibrillation type

Probands with primary atrial

fibrillation (n=40)

Probands’sick relatives

(n=5)

Absolute

value
%

Absolute

value
%

Paroxysmal atrial fibrillation 38 95,0±3,4 5 100

Paroxysmal atrial fibrillation - atrial flutter 2 5,0±3,4 0 0

Paroxysmal atrial fibrillation and atrial fibrillation - atrial

flutter summarily
40 100 0 0

Table 1. Differentiated clinical and electrocardiographic characteristics of the patients with primary atrial fibrillation

Atrial fibrillation type

Probands with secondary

atrial fibrillation (n=60)

Probands’sick relatives

(n=1)

Absolute

value
%

Absolute

value
%

Paroxysmal atrial fibrillation 38 63,3±6,2 1 100

Paroxysmal atrial fibrillation - atrial flutter 6 10,0±3,9 0 0

Paroxysmal atrial fibrillation and atrial fibrillation - atrial

flutter summarily
44 73,3±5,7 0 0

Chronic atrial fibrillation 10 16,6±4,8 0 0

Persistent atrial fibrillation 6 10,0±3,9 0 0

Chronic and persistent atrial fibrillation summarily 16 26,6±5,7 0 0

Table 2. Differentiated clinical and electrocardiographic characteristics of the patients with secondary atrial fibrillation

According to Table 2, in the group of probands with secondary atrial fibrillation paroxysmal
atrial fibrillation was diagnosed in 38 out of 60 patients (63,3±6,2%), paroxysmal atrial flutter
– in 6 persons (10,0±3,9%). In total paroxysmal atrial fibrillation and atrial fibrillation - atrial
flutter was observed in 73,3±5,7% of the probands with secondary atrial fibrillation. Chronic
atrial fibrillation was revealed in 10 patients (16,6±4,8%), persistent atrial fibrillation – in 6
persons (10,0±3,9%). Due to the small number of persons in these groups, the probands with
chronic and persistent atrial fibrillation were integrated into one group (chronic and persis‐
tent atrial fibrillation), which included 16 patients (26,6±5,7%).

Cardio-vascular pathology in the probands with idiopathic and secondary atrial fibrillation,
as well as other diseases which have atrial fibrillation as a complication, are represented in
Table 3. Namely, in 42 probands with secondary atrial fibrillation (70,0±5,9%) we revealed
ischemic heart disease (effort angina of II-III functional class) in 29 persons, which made
48,3±7,1% of the total of probands of this group, II nd - III rd functional class effort angina to‐
gether with the III rd stage hypertension– in 6 probands (10,0±5,4%), postinfarction cardio‐
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sclerosis – in 7 probands (11,7±5,8%). The II nd stage hypertension from the 1st to the 3rd

degree was diagnosed in 12 probands (20,0±5,2%), the III rd stage hypertension from the 2nd

to the 3rd degree was diagnosed in 4 persons (6,7±3,2%), gastroesophageal hernia – in 1 per‐
son, the 2nd degree nodular goiter with the appearance of euthyroidism as of the time of ex‐
amination - in 1 person (1,6±1,6%).

In a small number of cases cardio-vascular pathologies were diagnosed in the probands
with idiopathic atrial fibrillation: in 7 persons (17,5±6,0%) we diagnosed hypertension: 4 pa‐
tients (10,0±4,7%) had the Ist stage hypertension of the 1st degree, 3 patients (7,5±4,2%) had
the IInd stage hypertension of the 1st- - 2nd degree, 4 probands (10,0±4,7%) had ischemic heart
disease (II nd - III rd functional class effort angina). However atrial fibrillation seizures in pro‐
bands with primary atrial fibrillation were revealed long before the appearance of the first
signs of ischemic heart disease and hypertension, therefore atrial fibrillation doesn’t seem to
be related to the revealed cardio-vascular diseases. As for the probands with secondary at‐
rial fibrillation, they showed temporal relation between the manifestations of the underlying
disease and subsequent appearance of atrial fibrillation.

Disorders

Probands with idiopathic

atrial fibrillation

(n=40)

Probands with the

secondary atrial

fibrillation

(n=60) р

Absolute

value
%

Absolute

value
%

The Ist stage hypertension. 4 10,0±4,7 0 0 >0,05

The IInd stage hypertension. 3 7,5±4,2 12 20,0±5,2 >0,05

The IIIrd stage hypertension. 0 0 4 6,7±3,2 >0,05

Ischemic heart disease combination (II nd - III rd

functional class angina and the IIIrd stage

hypertension).

0 0 6 10,0±3,9 >0,05

Ischemic heart disease: postinfarction

cardiosclerosis.
0 0 7 11,7±4,1 >0,05

Ischemic heart disease: II nd - III rd functional

class angina.
4 10,0±4,7 29 48,3±6,5 <0,005

Gastroesophageal hernia. 0 0 1 1,6±1,6 >0,05

The 2nd degree nodular goiter with the

appearance of euthyroidism as of the time of

examination.

0 0 1 1,6±1,6 >0,05

Note: Differences in the investigated parameters were calculated using the χ2 criterion.

Table 3. Cardio-vascular pathology in patients with idiopathic and secondary atrial fibrillation (& other diseases which
can cause atrial fibrillation)
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Atrial fibrillation type
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Absolute

value
%
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value
%
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Table 2. Differentiated clinical and electrocardiographic characteristics of the patients with secondary atrial fibrillation

According to Table 2, in the group of probands with secondary atrial fibrillation paroxysmal
atrial fibrillation was diagnosed in 38 out of 60 patients (63,3±6,2%), paroxysmal atrial flutter
– in 6 persons (10,0±3,9%). In total paroxysmal atrial fibrillation and atrial fibrillation - atrial
flutter was observed in 73,3±5,7% of the probands with secondary atrial fibrillation. Chronic
atrial fibrillation was revealed in 10 patients (16,6±4,8%), persistent atrial fibrillation – in 6
persons (10,0±3,9%). Due to the small number of persons in these groups, the probands with
chronic and persistent atrial fibrillation were integrated into one group (chronic and persis‐
tent atrial fibrillation), which included 16 patients (26,6±5,7%).

Cardio-vascular pathology in the probands with idiopathic and secondary atrial fibrillation,
as well as other diseases which have atrial fibrillation as a complication, are represented in
Table 3. Namely, in 42 probands with secondary atrial fibrillation (70,0±5,9%) we revealed
ischemic heart disease (effort angina of II-III functional class) in 29 persons, which made
48,3±7,1% of the total of probands of this group, II nd - III rd functional class effort angina to‐
gether with the III rd stage hypertension– in 6 probands (10,0±5,4%), postinfarction cardio‐
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sclerosis – in 7 probands (11,7±5,8%). The II nd stage hypertension from the 1st to the 3rd

degree was diagnosed in 12 probands (20,0±5,2%), the III rd stage hypertension from the 2nd

to the 3rd degree was diagnosed in 4 persons (6,7±3,2%), gastroesophageal hernia – in 1 per‐
son, the 2nd degree nodular goiter with the appearance of euthyroidism as of the time of ex‐
amination - in 1 person (1,6±1,6%).

In a small number of cases cardio-vascular pathologies were diagnosed in the probands
with idiopathic atrial fibrillation: in 7 persons (17,5±6,0%) we diagnosed hypertension: 4 pa‐
tients (10,0±4,7%) had the Ist stage hypertension of the 1st degree, 3 patients (7,5±4,2%) had
the IInd stage hypertension of the 1st- - 2nd degree, 4 probands (10,0±4,7%) had ischemic heart
disease (II nd - III rd functional class effort angina). However atrial fibrillation seizures in pro‐
bands with primary atrial fibrillation were revealed long before the appearance of the first
signs of ischemic heart disease and hypertension, therefore atrial fibrillation doesn’t seem to
be related to the revealed cardio-vascular diseases. As for the probands with secondary at‐
rial fibrillation, they showed temporal relation between the manifestations of the underlying
disease and subsequent appearance of atrial fibrillation.

Disorders

Probands with idiopathic

atrial fibrillation

(n=40)

Probands with the

secondary atrial

fibrillation

(n=60) р

Absolute

value
%

Absolute

value
%

The Ist stage hypertension. 4 10,0±4,7 0 0 >0,05

The IInd stage hypertension. 3 7,5±4,2 12 20,0±5,2 >0,05

The IIIrd stage hypertension. 0 0 4 6,7±3,2 >0,05

Ischemic heart disease combination (II nd - III rd

functional class angina and the IIIrd stage

hypertension).

0 0 6 10,0±3,9 >0,05

Ischemic heart disease: postinfarction

cardiosclerosis.
0 0 7 11,7±4,1 >0,05

Ischemic heart disease: II nd - III rd functional

class angina.
4 10,0±4,7 29 48,3±6,5 <0,005

Gastroesophageal hernia. 0 0 1 1,6±1,6 >0,05

The 2nd degree nodular goiter with the

appearance of euthyroidism as of the time of

examination.

0 0 1 1,6±1,6 >0,05

Note: Differences in the investigated parameters were calculated using the χ2 criterion.

Table 3. Cardio-vascular pathology in patients with idiopathic and secondary atrial fibrillation (& other diseases which
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Therefore, summarizing the abovementioned, we come to the following conclusion.

In the first group (primary atrial fibrillation) paroxysmal atrial fibrillation was dominant (re‐
vealed in all the patients). In probands with secondary atrial fibrillation a significant preva‐
lence of chronic/persistent atrial fibrillation was diagnosed (in 16 out of 60 persons
(26,6±5,7%).

In the probands with primary atrial fibrillation paroxysmal atrial fibrillation had been re‐
vealed long before any cardio-vascular diseases manifestations appeared.

2.2. Polymorphism of the gene ADRA2B in probands with atrial fibrillation, their healthy
relatives and persons of the control group

In our work we investigated polymorphisms of the gene ADRА2В in patients with atrial fi‐
brillation, their healthy relatives and persons from the control group. According to the re‐
sults of PCR three sorts of genotypes ADRA2B in patients with AF, their healthy relatives
and persons from the control group are revealed: I / I - homozygous by the insertion, I / D -
heterozygous, D / D - homozygous by the deletion. In patients with atrial fibrillation fre‐
quency of the homozygous genotype (D/D) made 8,5±2,7% (9 persons), whereas frequency
of the heterozygous genotype (genotype I/D) made 50,9±4,9% (54 persons), frequency of the
homozygous genotype in a rare allele (I/I) made 40,6±4,8% (43 persons) (Table 4).

Frequency of the homozygous genotypes among the probands’ healthy relatives appeared
to be spread as follows: homozygous genotype in a frequent allele (D/D) made 11,8±2,7% (17
persons), heterozygous genotype (I/D) – 50,7±4,2% (73 persons), homozygous genotype in a
rare allele (I/I) – 37,5±4,0% (54 persons) (Table 4).

Genotypes

Patients with atrial

fibrillation

N= 106

Healthy relatives

N=144

Control group

N=91
р1-2 р1-3 р2-3

Absolute

value
%

Absolute

value
%

Absolute

value
%

D/D 9 8,5±2,7 17 11,8±2,7 10 11±3,3 р>0,05 р>0,05 р>0,05

I/D 54 50,9±4,9 73 50,7±4,2 58 63,7±5,0 р>0,05 р>0,05 р>0,05

I/I 43 40,6±4,8 54 37,5±4,0 23 25,3±4,6 р>0,05 р<0,05 р>0,05

Note: Differences in the investigated parameters were calculated using the χ2 criterion.

Table 4. Frequency of the gene ADRA2B genotypes in probands with atrial fibrillation, their healthy relatives and
persons of the control group.

In persons of the control group (D/D) frequency of the homozygous genotype made
11,0±3,3% (10 persons), frequency of the heterozygous genotype (genotype I/D) made
63,7±5,0% (58 persons), frequency of the homozygous genotype in a rare allele (I/I) made
25,3±4,6% (23 persons) (Table 4).
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A significant prevalence of homozygous genotype I/I in patients with AF (40,6%) compared
with the control group (25,3%) (р = 0,034) was established (Table 4, Fig.1).
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Figure 1. Frequency of the gene ADRA2B genotypes in probands with atrial fibrillation, their healthy relatives and persons of the 
control group.  
 

In patients with primary atrial fibrillation frequency of the homozygous genotypes (D/D) made 6,7±3,7% (3 persons), 
frequency of the heterozygous genotype (I/D) made 48,9±7,5% (22 persons), frequency of the homozygous genotype in a rare allele 
(I/I) made 44,4±7,4% (20 persons) (Table 5). A significant prevalence of homozygous genotype I/I as compared with the control 
group (25,3%) is established only in patients with primary atrial fibrillation (44,4%) (р = 0,039) (Table 5, Fig. 2). 
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Frequency of the gene ADRA2B genotypes in patients with primary atrial fibrillation,  
their healthy relatives and persons of the control group. 

Genotypes 

Patients with primary 
atrial fibrillation   

N= 45 

Healthy relatives  
N=144 

Control group 
N=91 р1-2 р1-3 р2-3 

Absolute 
value 

% Absolute 
value 

% Absolute 
value 

% 

D/D 3 6,7±3,7 17 11,8±2,7 10 11±3,3 р>0,05 р>0,05 р>0,05 
I/D 22 48,9±7,5 73 50,7±4,2 58 63,7±5,0 р>0,05 р>0,05 р>0,05 
I/I 20 44,4±7,4 54 37,5±4,0 23 25,3±4,6 р>0,05 р<0,05 р>0,05 

Note:   Differences in the investigated parameters were calculated using the χ2 criterion. 

Figure 1. Frequency of the gene ADRA2B genotypes in probands with atrial fibrillation, their healthy relatives and per‐
sons of the control group.

In patients with primary atrial fibrillation frequency of the homozygous genotypes (D/D)
made 6,7±3,7% (3 persons), frequency of the heterozygous genotype (I/D) made 48,9±7,5%
(22 persons), frequency of the homozygous genotype in a rare allele (I/I) made 44,4±7,4% (20
persons) (Table 5). A significant prevalence of homozygous genotype I/I as compared with
the control group (25,3%) is established only in patients with primary atrial fibrillation
(44,4%) (р = 0,039) (Table 5, Fig. 2).
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N= 45

Healthy relatives

N=144

Control group

N=91
р1-2 р1-3 р2-3
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value
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D/D 3 6,7±3,7 17 11,8±2,7 10 11±3,3 р>0,05 р>0,05 р>0,05

I/D 22 48,9±7,5 73 50,7±4,2 58 63,7±5,0 р>0,05 р>0,05 р>0,05

I/I 20 44,4±7,4 54 37,5±4,0 23 25,3±4,6 р>0,05 р<0,05 р>0,05

Note: Differences in the investigated parameters were calculated using the χ2 criterion.

Table 5. Frequency of the gene ADRA2B genotypes in patients with primary atrial fibrillation, their healthy relatives
and persons of the control group.
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Therefore, summarizing the abovementioned, we come to the following conclusion.

In the first group (primary atrial fibrillation) paroxysmal atrial fibrillation was dominant (re‐
vealed in all the patients). In probands with secondary atrial fibrillation a significant preva‐
lence of chronic/persistent atrial fibrillation was diagnosed (in 16 out of 60 persons
(26,6±5,7%).

In the probands with primary atrial fibrillation paroxysmal atrial fibrillation had been re‐
vealed long before any cardio-vascular diseases manifestations appeared.

2.2. Polymorphism of the gene ADRA2B in probands with atrial fibrillation, their healthy
relatives and persons of the control group

In our work we investigated polymorphisms of the gene ADRА2В in patients with atrial fi‐
brillation, their healthy relatives and persons from the control group. According to the re‐
sults of PCR three sorts of genotypes ADRA2B in patients with AF, their healthy relatives
and persons from the control group are revealed: I / I - homozygous by the insertion, I / D -
heterozygous, D / D - homozygous by the deletion. In patients with atrial fibrillation fre‐
quency of the homozygous genotype (D/D) made 8,5±2,7% (9 persons), whereas frequency
of the heterozygous genotype (genotype I/D) made 50,9±4,9% (54 persons), frequency of the
homozygous genotype in a rare allele (I/I) made 40,6±4,8% (43 persons) (Table 4).

Frequency of the homozygous genotypes among the probands’ healthy relatives appeared
to be spread as follows: homozygous genotype in a frequent allele (D/D) made 11,8±2,7% (17
persons), heterozygous genotype (I/D) – 50,7±4,2% (73 persons), homozygous genotype in a
rare allele (I/I) – 37,5±4,0% (54 persons) (Table 4).
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Note: Differences in the investigated parameters were calculated using the χ2 criterion.

Table 4. Frequency of the gene ADRA2B genotypes in probands with atrial fibrillation, their healthy relatives and
persons of the control group.

In persons of the control group (D/D) frequency of the homozygous genotype made
11,0±3,3% (10 persons), frequency of the heterozygous genotype (genotype I/D) made
63,7±5,0% (58 persons), frequency of the homozygous genotype in a rare allele (I/I) made
25,3±4,6% (23 persons) (Table 4).
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A significant prevalence of homozygous genotype I/I in patients with AF (40,6%) compared
with the control group (25,3%) (р = 0,034) was established (Table 4, Fig.1).
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Figure 1. Frequency of the gene ADRA2B genotypes in probands with atrial fibrillation, their healthy relatives and persons of the 
control group.  
 

In patients with primary atrial fibrillation frequency of the homozygous genotypes (D/D) made 6,7±3,7% (3 persons), 
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Figure 1. Frequency of the gene ADRA2B genotypes in probands with atrial fibrillation, their healthy relatives and per‐
sons of the control group.

In patients with primary atrial fibrillation frequency of the homozygous genotypes (D/D)
made 6,7±3,7% (3 persons), frequency of the heterozygous genotype (I/D) made 48,9±7,5%
(22 persons), frequency of the homozygous genotype in a rare allele (I/I) made 44,4±7,4% (20
persons) (Table 5). A significant prevalence of homozygous genotype I/I as compared with
the control group (25,3%) is established only in patients with primary atrial fibrillation
(44,4%) (р = 0,039) (Table 5, Fig. 2).
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Table 5. Frequency of the gene ADRA2B genotypes in patients with primary atrial fibrillation, their healthy relatives
and persons of the control group.
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Note:   Differences in the investigated parameters were calculated using the χ2 criterion. 
 
Figure 2. Frequency of the gene ADRA2B genotypes in patients with primary atrial fibrillation, their healthy relatives and persons of 
the control group.  

Among patients with primary atrial fibrillation frequency of the genotypes appeared to be spread as follows: homozygous 
genotype (D/D) made 9,8±3,8% (6 persons), heterozygous genotype (I/D) – 52,5±6,4% (32 persons), homozygous genotype in a rare 
allele (genotype I/I) – 37,7±6,2% (23 persons) (Table 6). 

No significant differences were established between frequencies of I/D genotypes of the gene ADRA2B in patients with 
secondary atrial fibrillation, their healthy relatives and persons of the control group. (Table 6, Fig.3).  

Table 6. 
Frequency of the gene ADRA2B genotypes in patients with secondary atrial fibrillation,  
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Among patients with primary atrial fibrillation frequency of the genotypes appeared to be
spread as follows: homozygous genotype (D/D) made 9,8±3,8% (6 persons), heterozygous
genotype (I/D) – 52,5±6,4% (32 persons), homozygous genotype in a rare allele (genotype I/I)
– 37,7±6,2% (23 persons) (Table 6).

No significant differences were established between frequencies of I/D genotypes of the
gene ADRA2B in patients with secondary atrial fibrillation, their healthy relatives and per‐
sons of the control group. (Table 6, Fig.3).
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Table 6. Frequency of the gene ADRA2B genotypes in patients with secondary atrial fibrillation, their healthy relatives
and persons of the control group.

Therefore, summarizing the abovementioned, homozygous genotype I/I of the gene
ADRА2В may be regarded as one of the genetic predictors of primary atrial fibrillation on‐
set. The relatives of the probands with primary atrial fibrillation and homozygous genotype
I/I compose a high risk group for the appearance of this disorder. The conducted research of
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the gene ADRА2В polymorphism in patients with primary and secondary atrial fibrillation,
can contribute to the decision of the etiological issue of hereditary atrial fibrillation.
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Figure 3. Frequency of the gene ADRA2B genotypes in patients with secondary atrial fibrillation, their healthy rela‐
tives and persons of the control group.

2.3. Polymorphism of the endothelial NO synthase (eNOS) gene in
probands with atrial fibrillation, their healthy relatives and persons of
the control group

In our work we investigated polymorphisms of the endothelial NO synthase (eNOS) gene in
patients with atrial fibrillation, their healthy relatives and persons from the control group.
According to the results of PCR in patients with atrial fibrillation, their healthy relatives and
persons from the control group three sorts of NO synthase genotypes were revealed: G/G –
homozygous, G/T – heterozygous, T/T – homozygous.

Homozygous genotype (894 G/G) of the endothelial NO synthase (eNOS) gene in patients
with atrial fibrillation was revealed in 58,5±4,8% (62 persons), heterozygous genotype (894
G/T) – in 39,6±4,8% (42 persons). Homozygous genotype in a rare allele (894 T/T) was geno‐
typed in 1,9±1,3% (2 persons) (Table 7).

Among the probands’ healthy relatives genotypes appeared to be spread as follows: homo‐
zygous genotype (894 G/G) –in 44,4±4,1% (64 persons), heterozygous genotype (894 G/T) –
in 52,1±4,2% (75 persons), homozygous genotype in a rare allele (894 T/T) –in 3,5±1,5% (5
persons) (Table 7). As for the control group, homozygous genotype (894 G/G) of the gene of
endothelial NO synthase was revealed in 39,6±5,1% (36 persons), heterozygous genotype
(894 G/T) – in 50,5±5,2% (46 persons). Homozygous genotype in a rare allele (894 T/T) was
genotyped in 9,9±3,1% (9 persons) (Table 7).

A significant prevalence of homozygous genotype G/G in patients with atrial fibrillation
(58,5%) as compared with the control group (39,6%) is established; the difference is statisti‐
cally reliable (р =0,039) (Table 7, Fig. 4).
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Figure 2. Frequency of the gene ADRA2B genotypes in patients with primary atrial fibrillation, their healthy relatives
and persons of the control group.

Among patients with primary atrial fibrillation frequency of the genotypes appeared to be
spread as follows: homozygous genotype (D/D) made 9,8±3,8% (6 persons), heterozygous
genotype (I/D) – 52,5±6,4% (32 persons), homozygous genotype in a rare allele (genotype I/I)
– 37,7±6,2% (23 persons) (Table 6).

No significant differences were established between frequencies of I/D genotypes of the
gene ADRA2B in patients with secondary atrial fibrillation, their healthy relatives and per‐
sons of the control group. (Table 6, Fig.3).
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I/D 32 52,5±6,4 73 50,7±4,2 58 63,7±5.0 р>0,05 р>0,05 р>0,05

I/I 23 37,7±6,2 54 37,5±4,0 23 25,3±4,6 р>0,05 р>0,05 р>0,05

Note: Differences in the investigated parameters were calculated using the χ2 criterion.

Table 6. Frequency of the gene ADRA2B genotypes in patients with secondary atrial fibrillation, their healthy relatives
and persons of the control group.

Therefore, summarizing the abovementioned, homozygous genotype I/I of the gene
ADRА2В may be regarded as one of the genetic predictors of primary atrial fibrillation on‐
set. The relatives of the probands with primary atrial fibrillation and homozygous genotype
I/I compose a high risk group for the appearance of this disorder. The conducted research of
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the gene ADRА2В polymorphism in patients with primary and secondary atrial fibrillation,
can contribute to the decision of the etiological issue of hereditary atrial fibrillation.
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Figure 3. Frequency of the gene ADRA2B genotypes in patients with secondary atrial fibrillation, their healthy rela‐
tives and persons of the control group.

2.3. Polymorphism of the endothelial NO synthase (eNOS) gene in
probands with atrial fibrillation, their healthy relatives and persons of
the control group

In our work we investigated polymorphisms of the endothelial NO synthase (eNOS) gene in
patients with atrial fibrillation, their healthy relatives and persons from the control group.
According to the results of PCR in patients with atrial fibrillation, their healthy relatives and
persons from the control group three sorts of NO synthase genotypes were revealed: G/G –
homozygous, G/T – heterozygous, T/T – homozygous.

Homozygous genotype (894 G/G) of the endothelial NO synthase (eNOS) gene in patients
with atrial fibrillation was revealed in 58,5±4,8% (62 persons), heterozygous genotype (894
G/T) – in 39,6±4,8% (42 persons). Homozygous genotype in a rare allele (894 T/T) was geno‐
typed in 1,9±1,3% (2 persons) (Table 7).

Among the probands’ healthy relatives genotypes appeared to be spread as follows: homo‐
zygous genotype (894 G/G) –in 44,4±4,1% (64 persons), heterozygous genotype (894 G/T) –
in 52,1±4,2% (75 persons), homozygous genotype in a rare allele (894 T/T) –in 3,5±1,5% (5
persons) (Table 7). As for the control group, homozygous genotype (894 G/G) of the gene of
endothelial NO synthase was revealed in 39,6±5,1% (36 persons), heterozygous genotype
(894 G/T) – in 50,5±5,2% (46 persons). Homozygous genotype in a rare allele (894 T/T) was
genotyped in 9,9±3,1% (9 persons) (Table 7).

A significant prevalence of homozygous genotype G/G in patients with atrial fibrillation
(58,5%) as compared with the control group (39,6%) is established; the difference is statisti‐
cally reliable (р =0,039) (Table 7, Fig. 4).
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Genotypes

Patients with atrial

fibrillation

N= 106

Healthy relatives

N=144

Control group

N=91
р1-2 р1-3 р2-3

Absolute

value
%

Absolute

value
%

Absolute

value
%

G/G 62 58,5±4,8 64 44,4±4,1 36 39,6±5,1 р>0,05 р<0,05 р>0,05

G/T 42 39,6±4,8 75 52,1±4,2 46 50,5±5,2 р>0,05 р>0,05 р>0,05

T/T 2 1,9±1,3 5 3,5±1,5 9 9,9±3,1 р>0,05 Р<0,05 р>0,05

Note: Differences in the investigated parameters were calculated using the χ2 criterion.

Table 7. Genotype frequency of the eNOS 894 G/T polymorphism in patients with atrial fibrillation, their healthy
relatives and persons of the control group.

Therefore, summarizing the abovementioned, homozygous genotype I/I of the gene ADRА2В may be regarded as one of 
the genetic predictors of primary atrial fibrillation onset. The relatives of the probands with primary atrial fibrillation and  
homozygous genotype I/I compose a high risk group for the appearance of this disorder.  The conducted research of the gene 
ADRА2В polymorphism in patients with primary and secondary atrial fibrillation, can contribute to the decision of the etiological  
issue of  hereditary atrial fibrillation.  
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Genotype frequency of the eNOS 894 G/T polymorphism in patients with  atrial fibrillation,  
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Figure 4. Genotype frequency of the eNOS 894 G/T polymorphism in patients with  atrial fibrillation, their healthy relatives and 
persons of the control group. 
 

In patients with primary atrial fibrillation homozygous genotype (894 G/G) of the endothelial NO synthase (eNOS) gene 
was revealed in 62,2±7,2% (28 persons), heterozygous genotype (894 G/T) – in 33,3±7,0% (15 persons), homozygous genotype in a 
rare allele (894 T/T) was genotyped in 4,4±3,1% (2 persons) (Table 8).  

A significant prevalence of homozygous genotype G/G as compared with the control group is established only in patients 
with primary atrial fibrillation, 62,2% и 39,6% respectively; the difference is statistically reliable  (р =0,021) (Table 8, Fig. 5). 

 

Figure 4. Genotype frequency of the eNOS 894 G/T polymorphism in patients with atrial fibrillation, their healthy rela‐
tives and persons of the control group.

In patients with primary atrial fibrillation homozygous genotype (894 G/G) of the endothe‐
lial NO synthase (eNOS) gene was revealed in 62,2±7,2% (28 persons), heterozygous geno‐
type (894 G/T) – in 33,3±7,0% (15 persons), homozygous genotype in a rare allele (894 T/T)
was genotyped in 4,4±3,1% (2 persons) (Table 8).

A significant prevalence of homozygous genotype G/G as compared with the control group
is established only in patients with primary atrial fibrillation, 62,2% и 39,6% respectively;
the difference is statistically reliable (р =0,021) (Table 8, Fig. 5).
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Genotyp

es

Patients with primary atrial

fibrillation

N= 45

Healthy relatives

N=144

Control

group

N=91 р1-2 р1-3 р2-3

Abs. % Abs. % Abs. %

G/G 28 62,2±7,2 64 44,4±4,1 36
39,6±5,

1
р>0,05 р<0,05 р>0,05

G/T 15 33,3±7,0 75 52,1±4,2 46
50,5±5,

2
р>0,05 р>0,05 р>0,05

T/T 2 4,4±3,1 5 3,5±1,5 9 9,9±3,1 р>0,05 Р>0,05 р>0,05

Note: Differences in the investigated parameters were calculated using the χ2 criterion.

Table 8. Genotype frequency of the eNOS 894 G/T polymorphism in patients with primary atrial fibrillation, their
healthy relatives and persons of the control group.

          Table 8 
Genotype frequency of the eNOS 894 G/T polymorphism in patients with primary atrial fibrillation,  

their healthy relatives and persons of the control group. 

Genotypes 

Patients with primary atrial 
fibrillation   

N= 45 

Healthy relatives 
N=144 

Control group 
N=91 р1-2 р1-3 р2-3 

Абс. % Абс. % Абс. % 
G/G 28 62,2±7,2 64 44,4±4,1 36 39,6±5,1 р>0,05 р<0,05 р>0,05
G/T 15 33,3±7,0 75 52,1±4,2 46 50,5±5,2 р>0,05 р>0,05 р>0,05 
T/T 2 4,4±3,1 5 3,5±1,5 9 9,9±3,1 р>0,05 Р>0,05 р>0,05 

Note:   Differences in the investigated parameters were calculated using the χ2 criterion.  
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Figure 5. Genotype frequency of the eNOS 894 G/T polymorphism in patients with primary atrial fibrillation, their healthy relatives 
and persons of the control group. 
 

In patients with secondary atrial fibrillation homozygous genotype (894 G/G) of the endothelial NO synthase (eNOS) gene 
was revealed in 55,7±6,4% (34 persons), heterozygous genotype (894 G/T) – in 44,3±6,4% (27 persons), homozygous genotype in a 
rare allele (894 T/T) was not genotyped (Table 9).  

No significant differences were established between frequencies of genotypes of the endothelial NO synthase (eNOS) gene 
in patients with secondary atrial fibrillation, their healthy relatives and persons of the control group (Table 9, Fig. 6). 

            Table 9 
Genotype frequency of the eNOS 894 G/T polymorphism in patients with secondary atrial fibrillation,  

their healthy relatives and persons of the control group. 
 

Genotypes 
 

Patients with 
secondary atrial 

fibrillation  
N= 61 

Healthy relatives  
N=144 

Control group  
N=91 р1-2 р1-3 р2-3 

Absolute 
value 

% Absolute 
value % Absolute 

value % 

G/G 34 55,7±6,4 64 44,4±4,1 36 39,6±5,1 р>0,05 р>0,05 р>0,05 
G/T 27 44,3±6,4 75 52,1±4,2 46 50,5±5,2 р>0,05 р>0,05 р>0,05 
T/T 0 0 5 3,5±1,5 9 9,9±3,1 р>0,05 Р>0,05 р>0,05 

Note: Differences in the investigated parameters were calculated using the χ2 criterion. 
 

Figure 5. Genotype frequency of the eNOS 894 G/T polymorphism in patients with primary atrial fibrillation, their
healthy relatives and persons of the control group.

In patients with secondary atrial fibrillation homozygous genotype (894 G/G) of the endo‐
thelial NO synthase (eNOS) gene was revealed in 55,7±6,4% (34 persons), heterozygous gen‐
otype (894 G/T) – in 44,3±6,4% (27 persons), homozygous genotype in a rare allele (894 T/T)
was not genotyped (Table 9).

No significant differences were established between frequencies of genotypes of the endo‐
thelial NO synthase (eNOS) gene in patients with secondary atrial fibrillation, their healthy
relatives and persons of the control group (Table 9, Fig. 6).
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Table 7. Genotype frequency of the eNOS 894 G/T polymorphism in patients with atrial fibrillation, their healthy
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Therefore, summarizing the abovementioned, homozygous genotype I/I of the gene ADRА2В may be regarded as one of 
the genetic predictors of primary atrial fibrillation onset. The relatives of the probands with primary atrial fibrillation and  
homozygous genotype I/I compose a high risk group for the appearance of this disorder.  The conducted research of the gene 
ADRА2В polymorphism in patients with primary and secondary atrial fibrillation, can contribute to the decision of the etiological  
issue of  hereditary atrial fibrillation.  
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In patients with primary atrial fibrillation homozygous genotype (894 G/G) of the endothelial NO synthase (eNOS) gene 
was revealed in 62,2±7,2% (28 persons), heterozygous genotype (894 G/T) – in 33,3±7,0% (15 persons), homozygous genotype in a 
rare allele (894 T/T) was genotyped in 4,4±3,1% (2 persons) (Table 8).  

A significant prevalence of homozygous genotype G/G as compared with the control group is established only in patients 
with primary atrial fibrillation, 62,2% и 39,6% respectively; the difference is statistically reliable  (р =0,021) (Table 8, Fig. 5). 

 

Figure 4. Genotype frequency of the eNOS 894 G/T polymorphism in patients with atrial fibrillation, their healthy rela‐
tives and persons of the control group.

In patients with primary atrial fibrillation homozygous genotype (894 G/G) of the endothe‐
lial NO synthase (eNOS) gene was revealed in 62,2±7,2% (28 persons), heterozygous geno‐
type (894 G/T) – in 33,3±7,0% (15 persons), homozygous genotype in a rare allele (894 T/T)
was genotyped in 4,4±3,1% (2 persons) (Table 8).

A significant prevalence of homozygous genotype G/G as compared with the control group
is established only in patients with primary atrial fibrillation, 62,2% и 39,6% respectively;
the difference is statistically reliable (р =0,021) (Table 8, Fig. 5).
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In patients with secondary atrial fibrillation homozygous genotype (894 G/G) of the endo‐
thelial NO synthase (eNOS) gene was revealed in 55,7±6,4% (34 persons), heterozygous gen‐
otype (894 G/T) – in 44,3±6,4% (27 persons), homozygous genotype in a rare allele (894 T/T)
was not genotyped (Table 9).

No significant differences were established between frequencies of genotypes of the endo‐
thelial NO synthase (eNOS) gene in patients with secondary atrial fibrillation, their healthy
relatives and persons of the control group (Table 9, Fig. 6).
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As was mentioned above, the decrease in the production of NO-synthase can cause oxidative stress, lead to disturbances in 
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decrease in the level of NO and calcium in the cells as well as disturbances in the physiological process of HMF-dependent protein 
kinases synthesis, all these factors contributing to the development of atrial fibrillation. 

The investigated genetic markers may be used in diagnosing of primary atrial fibrillation susceptibility. 

3. Conclusion 
A significant prevalence of homozygous genotype I/I of the gene ADRA2B in patients with primary atrial fibrillation 

(44,4%) as compared with the control group (25,3%) is established. 
 The relatives of the probands with primary atrial fibrillation and homozygous genotype I/I can be subsumed under the risk 

group for the development of this pathology. Changes in the aminoacid profile of the third intracellular loop of the  α2ß- adrenergic 
receptor due to the polymorphism I/I of the ADRA2B gene disturb the interaction of the receptor with effector proteins (G-protein or 
receptor protein kinase), which cause changes in receptor activity autoregulation or associated with the activity cАМP processes of 
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A significant prevalence of homozygous genotype G/G of the endothelial NO synthase (eNOS) gene in patients with 
primary atrial fibrillation (62,2%) as compared with the control group (39,6%) is shown. 

The relatives of the probands with primary atrial fibrillation and homozygous genotype G/G can be subsumed under the 
risk group for the development of this pathology.  

A certain role in atrial fibrillation pathogenesis can be played by nitrogen oxide molecules (NO). Nitrogen oxide is 
constantly produced in the human organism enzymatically from L – arginine and performs a function of a universal messenger in 
intracellular signaling [19]. NO synthase (NOS, EC number 1.14.13.39) is a catalyst in this reaction [19]. Under the influence of 
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process of HMF-dependent protein kinases synthesis is disturbed, which contributes to the development of heart rhythm disorders.  

We studied the eNOS 894 G/T polymorphism in the group of patients described above.  
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conduction system, thereby contributing to the development of atrial fibrillation [45].  
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polymorphisms combinations, which are likely to cause the development of atrial fibrillation seems to be necessary.  
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healthy relatives and persons of the control group.

As was mentioned above, the decrease in the production of NO-synthase can cause oxida‐
tive stress, lead to disturbances in cardiac conduction system and provoke the re-entry
mechanism in the atria, thereby contributing to the development of atrial fibrillation [42, 44].

This paper demonstrates a significant prevalence of homozygous genotype G/G of the endo‐
thelial NO synthase (eNOS) gene in patients with primary atrial fibrillation. Specifically,
polymorphism of the endothelial NO synthase (eNOS) gene causes the decrease in the level
of NO and calcium in the cells as well as disturbances in the physiological process of HMF-
dependent protein kinases synthesis, all these factors contributing to the development of at‐
rial fibrillation.

The investigated genetic markers may be used in diagnosing of primary atrial fibrillation
susceptibility.
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3. Conclusion

A significant prevalence of homozygous genotype I/I of the gene ADRA2B in patients with
primary atrial fibrillation (44,4%) as compared with the control group (25,3%) is established.

The relatives of the probands with primary atrial fibrillation and homozygous genotype I/I
can be subsumed under the risk group for the development of this pathology. Changes in
the aminoacid profile of the third intracellular loop of the α2ß- adrenergic receptor due to
the polymorphism I/I of the ADRA2B gene disturb the interaction of the receptor with effec‐
tor proteins (G-protein or receptor protein kinase), which cause changes in receptor activity
autoregulation or associated with the activity cАМP processes of intracellular signaling (e.g.
migration of the Са from intracellular stores to the cytosol).

A significant prevalence of homozygous genotype G/G of the endothelial NO synthase
(eNOS) gene in patients with primary atrial fibrillation (62,2%) as compared with the control
group (39,6%) is shown.

The relatives of the probands with primary atrial fibrillation and homozygous genotype
G/G can be subsumed under the risk group for the development of this pathology.

A certain role in atrial fibrillation pathogenesis can be played by nitrogen oxide molecules
(NO). Nitrogen oxide is constantly produced in the human organism enzymatically from L –
arginine and performs a function of a universal messenger in intracellular signaling [19].
NO synthase (NOS, EC number 1.14.13.39) is a catalyst in this reaction [19]. Under the influ‐
ence of NOS L – arginine oxidation and nitrogen oxide synthesis takes place in vessel endo‐
theliocytes. Then, going from the endotheliocytes to the smooth muscle cells, NO labilizes
soluble guanylate cyclase, thereby contributing to the decrease in the level of the rhythmic
hydroxymethylfurfurol (HMF), activation of the rhythmic HMF – dependent protein kinas‐
es, changes in Ca concentration, susceptibility of the conducting cardiac myocytes receptors
to the level of catecholamines. In case of polymorphism G/G of the endothelial NO synthase
(eNOS) gene the level of nitrogen oxide and intracellular Ca decreases, the physiological
process of HMF-dependent protein kinases synthesis is disturbed, which contributes to the
development of heart rhythm disorders.

We studied the eNOS 894 G/T polymorphism in the group of patients described above.

As was mentioned above, the decrease in the production of NO-synthase can cause oxida‐
tive stress and changes in cardiac conduction system, thereby contributing to the develop‐
ment of atrial fibrillation [45].

Continuing the search of candidate genes of the primary and secondary atrial fibrillation
and the study of different genes polymorphisms combinations, which are likely to cause the
development of atrial fibrillation seems to be necessary.

The final result of these investigations can be genetic identification of the atrial fibrillation
risk groups, early diagnostics, ранняя диагностика, specific atrial fibrillation preventive
care as well as on-time treatment of this type of arrhythmia.
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As was mentioned above, the decrease in the production of NO-synthase can cause oxida‐
tive stress, lead to disturbances in cardiac conduction system and provoke the re-entry
mechanism in the atria, thereby contributing to the development of atrial fibrillation [42, 44].

This paper demonstrates a significant prevalence of homozygous genotype G/G of the endo‐
thelial NO synthase (eNOS) gene in patients with primary atrial fibrillation. Specifically,
polymorphism of the endothelial NO synthase (eNOS) gene causes the decrease in the level
of NO and calcium in the cells as well as disturbances in the physiological process of HMF-
dependent protein kinases synthesis, all these factors contributing to the development of at‐
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The investigated genetic markers may be used in diagnosing of primary atrial fibrillation
susceptibility.
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A significant prevalence of homozygous genotype I/I of the gene ADRA2B in patients with
primary atrial fibrillation (44,4%) as compared with the control group (25,3%) is established.

The relatives of the probands with primary atrial fibrillation and homozygous genotype I/I
can be subsumed under the risk group for the development of this pathology. Changes in
the aminoacid profile of the third intracellular loop of the α2ß- adrenergic receptor due to
the polymorphism I/I of the ADRA2B gene disturb the interaction of the receptor with effec‐
tor proteins (G-protein or receptor protein kinase), which cause changes in receptor activity
autoregulation or associated with the activity cАМP processes of intracellular signaling (e.g.
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A significant prevalence of homozygous genotype G/G of the endothelial NO synthase
(eNOS) gene in patients with primary atrial fibrillation (62,2%) as compared with the control
group (39,6%) is shown.

The relatives of the probands with primary atrial fibrillation and homozygous genotype
G/G can be subsumed under the risk group for the development of this pathology.

A certain role in atrial fibrillation pathogenesis can be played by nitrogen oxide molecules
(NO). Nitrogen oxide is constantly produced in the human organism enzymatically from L –
arginine and performs a function of a universal messenger in intracellular signaling [19].
NO synthase (NOS, EC number 1.14.13.39) is a catalyst in this reaction [19]. Under the influ‐
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theliocytes. Then, going from the endotheliocytes to the smooth muscle cells, NO labilizes
soluble guanylate cyclase, thereby contributing to the decrease in the level of the rhythmic
hydroxymethylfurfurol (HMF), activation of the rhythmic HMF – dependent protein kinas‐
es, changes in Ca concentration, susceptibility of the conducting cardiac myocytes receptors
to the level of catecholamines. In case of polymorphism G/G of the endothelial NO synthase
(eNOS) gene the level of nitrogen oxide and intracellular Ca decreases, the physiological
process of HMF-dependent protein kinases synthesis is disturbed, which contributes to the
development of heart rhythm disorders.

We studied the eNOS 894 G/T polymorphism in the group of patients described above.

As was mentioned above, the decrease in the production of NO-synthase can cause oxida‐
tive stress and changes in cardiac conduction system, thereby contributing to the develop‐
ment of atrial fibrillation [45].

Continuing the search of candidate genes of the primary and secondary atrial fibrillation
and the study of different genes polymorphisms combinations, which are likely to cause the
development of atrial fibrillation seems to be necessary.

The final result of these investigations can be genetic identification of the atrial fibrillation
risk groups, early diagnostics, ранняя диагностика, specific atrial fibrillation preventive
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1. Introduction

Since its identification over one hundred years ago, atrial fibrillation has been shown to
occur frequently in the general population and is now recognized as an important medi‐
cal problem in developed societies. Three major hypotheses to explain cardiac rhythm dis‐
orders like atrial fibrillation have been proposed during this time and one of these three,
impulse reentry has become predominate. The two other explanations, designated as fo‐
cal source hypotheses, have been relegated to a secondary role in understanding arrhyth‐
mia.  Despite  widespread  acceptance  of  the  reentry  hypothesis,  however,  current  non-
invasive anti-arrhythmic drugs based on this mechanism poorly prevent or reverse atrial
fibrillation or other types of arrhythmia. One interpretation of this paradoxical clinical re‐
sult is that mechanisms other than reentry initiate arrhythmias like atrial fibrillation in re‐
al-life  settings.  As  a  consequence,  current  non-invasive  therapeutics  may  neither  target
nor effectively suppress important but unrecognized non-reentrant mechanisms that pro‐
voke clinical arrhythmia. We have found that challenging isolated non-automatic left  at‐
rial muscle, left ventricular papillary muscle, and perfused heart in sinus rhythm with an
activator of the voltage-independent Orai calcium channels provokes high frequent tachy‐
cardia and fibrillation. Thus the Orais and related voltage-independent calcium channels
may be unexpected sources of arrhythmia. This manuscript provides (a) a synopsis of the
identification of atrial fibrillation as a clinical entity, (b) an overview of the development
of the three current hypotheses for arrhythmia, and (c) our hypothesis that dysregulated
voltage-independent calcium channels may be a fourth means to provoke electrical insta‐
bility in heart muscle.

© 2013 Wolkowicz et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Historical perspective

Atrial fibrillation was first observed as compromised heart mechanical output. By the late
1800s clinicians including Nothnagel, and later MacKenzie and Hering, noted and analyzed
abnormal or absent ‘a waves’ in venous pressure tracings but had not specifically correlated
these abnormalities with atrial dysfunction [1,2,3]. Kymographic analyses of the pulse
waves of their patients allowed these investigators to report examples of irregularly irregu‐
lar pulse intervals and pulse heights, a surrogate for ventricular force generation. Towards
the end of the nineteenth century physicians also came to realize that these mechanical dis‐
turbances often occurred persistently in some patients. Thus by the outset of the twentieth
century these types of abnormal pressure wave recordings were grouped into the clinical
conditions of delirium cordis or the more definitive pulsus irregularis et inaequalis perpetuus [4].
Vulpian, Krehl, and Hering were initial proponents of the notion that such irregularities re‐
sulted from the defective mechanical output of the atria [5,6,7]. The translational research of
Cushny and Edmunds provided the first direct validation of this hypothesis when in 1907
they correlated chance observations of atrial delirium made in the dog laboratory with clini‐
cal recordings of pulsus irregularis et inaequalis perpetuus [8].

In the early 1900s clinical and experimental string galvanometer data formed the basis for
the idea that disorganized atrial electrical activity caused both the loss of venous ‘a waves’
and the appearance of the fine pulsatile activity which define pulsus irregularis et inaequalis
perptuus. Specifically, string galvanometer tracings published in 1906 by Einthoven [9] and
in 1908 by Hering [10] demonstrated that mechanical pulsus irregularis et inaequalis perpetuus
occurred in humans who lacked p-waves, had F-waves, and had irregularly timed but other‐
wise normal QRS complexes. These initial reports coupled with the extensive electrocardio‐
graphic analyses of Rothberger and Winterberg published in 1909 [11] provided the
electrical equivalent of the venous wave data of Cushny and Edwards. That is, the electro‐
cardiographic measurements Rothberger and Winterberg acquired from animals undergo‐
ing experimental atrial fibrillation were identical to recordings obtained from patients with
pulsus irregularis et inaequalis perpetuus. This work together with the earlier report of MacWil‐
liam [12] that faradic stimulation produced atrial fibrillation led to the acceptance of the
view that the complete disruption of atrial electrical activity caused the irregular pulse
waves that characterize pulsus irregularis. Thomas Lewis built on and expanded this work in
his elegant electrocardiographic characterization of atrial flutter and fibrillation in humans
and in animals [e.g.,13]. By 1920 it had been accepted that the organized electrical activity
observed using string galvanometers or electrocardiographs sparked rhythmic heart con‐
traction and conversely that disordered electrical activity caused abnormalities like pulsus ir‐
regularis et inaequalis perpetuus. Importantly, it was accepted that pulsus irregularis arose from
disturbances that occurred specifically in the atria since hearts in atrial fibrillation often pro‐
duced normal but irregularly timed QRS complexes.

During the evolution of this explanation for clinical pulsus irregularis et inaequalis perpetuus
experimentalists developed the initial, non-vitalist explanation for atrial fibrillation and oth‐
er cardiac rhythm disorders. Engelmann in 1896 [14] and Winterberg in 1906 [15] proposed
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an original hypothesis centered round the seemingly logical view that a solitary ectopic de‐
polarization occurring spontaneously in a small number of heart cells confined to a specific
region of the atria (or ventricle) could produce a ‘premature’ atrial (or ventricular) contraction.
They reasoned that if such spontaneous electrical activity also could occur repeatedly and at
a sufficiently rapid rate then such a ‘focus’ could likewise produce tachycardia or fibrilla‐
tion. Variations of this ‘focal’ hypothesis included multiple ‘heterotopic centers’ depolariz‐
ing at rates sufficient to produce flutter or fibrillation or, as Rothberger proposed [16], a
single heterotopic center which depolarized at extremely rapid rates. Several early experi‐
mentalists noted that the refractory period of heart muscle must shorten to accommodate
rapid ectopic activity and that such abnormal electrical activity might occur at rates fast
enough to preclude regular heart muscle contraction [17], foreshadowing the idea of fibrilla‐
tory conduction. While these focal source hypotheses were logical, a molecular mechanism
through which non-automatic atrial (or ventricular) muscle might spontaneously or automat‐
ically depolarize was not known at that time. Thus non-focal, that is reentrant hypotheses to
explain arrhythmia came to the fore and now dominate this field of inquiry. Nonetheless,
the challenge to identify all molecular mechanisms that cause quiescent heart muscle to ex‐
cite independently of normal sinus rhythm still remains at the center of arrhythmia research
today just as it did over one hundred years ago. Thus we seek to define mechanisms which pro‐
voke quiescent heart cells to depolarize (a) independently of normal sinus rhythm, (b) at sporadic or
rapid rates, (c) in an organized manner or (d) in an apparently chaotic way, and (e) over inconstant
periods of time including apparent perpetuity. There are three such mechanisms currently
known and our data suggest the existence of a fourth one.

3. Mechanism 1: Impulse reentry

Reentry occurs when electrical impulses conduct abnormally through the heart and re-excite
quiescent heart muscle (Figure 1, center & right). Multiple experimentalists in the early
twentieth century began creating this hypothesis for arrhythmia with the assumption that
the mechanisms for normal electrical impulse generation and propagation they were discov‐
ering at that time fully explain the production of heart abnormal electrical activity. This hy‐
pothesis was formed from experiments Mayer published in 1906 [18] which demonstrated
the fundamental event of impulse reentry. He showed that rings of excitable jellyfish tissue
exposed to an external electrical impulse would produce recirculating electrical waves when
unidirectional impulse block was imposed on these preparations. Subsequently in 1913 and
1914 Mines and Garrey [19,20] published similar results they acquired in heart muscle. Their
data provided the initial evidence supporting the view that recirculating electrical impulses
produce arrhythmia. Based on this work and their own original observations [17], Lewis,
Drury and Ilescu proposed in 1921 [21] that the ‘circus movement’ of normal electrical activ‐
ity might explain the five characteristics of atrial fibrillation (and other arrhythmia) noted at
the end of the preceding paragraph. This simple and elegant circus creation contributed to
establishing the impulse reentry hypothesis which has since metamorphosed into the ac‐
cepted explanation for atrial fibrillation and for other clinically relevant rhythm disorders.
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tion. Variations of this ‘focal’ hypothesis included multiple ‘heterotopic centers’ depolariz‐
ing at rates sufficient to produce flutter or fibrillation or, as Rothberger proposed [16], a
single heterotopic center which depolarized at extremely rapid rates. Several early experi‐
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known and our data suggest the existence of a fourth one.

3. Mechanism 1: Impulse reentry

Reentry occurs when electrical impulses conduct abnormally through the heart and re-excite
quiescent heart muscle (Figure 1, center & right). Multiple experimentalists in the early
twentieth century began creating this hypothesis for arrhythmia with the assumption that
the mechanisms for normal electrical impulse generation and propagation they were discov‐
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unidirectional impulse block was imposed on these preparations. Subsequently in 1913 and
1914 Mines and Garrey [19,20] published similar results they acquired in heart muscle. Their
data provided the initial evidence supporting the view that recirculating electrical impulses
produce arrhythmia. Based on this work and their own original observations [17], Lewis,
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Figure 1. Impulse Reentry.Left: Normal heart muscle conduts impulses homogeneously. Uniform fields of excitable
and refractory muscle limit impulse recirculation. Center: Leading circle model: Inhomogeneous rates of impulse con‐
duction (Small v large arrows) create contiguous regions of excited and quiescent myocardium with altered refractori‐
ness (Light v dark boxes). Electrical activity may recirculate in these regions if unidirectional conduction block were
present. Right: Spiral wave model: Impulses circulating around scar could encounter local conduction inhomogeneities
which cause impulse wavenreak &reentrant rotors.

Lewis realized that variants of the circus hypothesis might arise in pathological settings. In
particular he mentioned that the primary arrhythmogenic circuit could fragment to produce
secondary or offspring ectopic sources and that local variation in the rate of conduction of
ectopic impulses could provoke disorganized fibrillation [17, see page 591 Figure III and page
592 Figures V & VI]. Several decades later Moe, Abildskov [22], and others embellished this
general circus view of impulse recirculation to explain the persistent nature of fibrillation or
other high frequency arrhythmias. Based on his own data and on his careful examination of
the earlier high-speed cinematographic work of Wiggers [23], Moe proposed that local var‐
iations in impulse conduction induced faradically or arising in diseased heart could cause
impulses to fragment and purposelessly but persistently meander through excitable regions
of atrial (or ventricular) muscle. Moe proposed that such ‘wandering wavelets’ of impulse re‐
entry were the fundamental cause of atrial fibrillation.

This ‘wandering wavelet‘ hypothesis has been modified or superseded during the 50 years
since it was first proposed. Work published by Allessie in 1977 [24] demonstrated that local
variations in the refractory period of heart muscle can produce ‘leading circle’ reentry. In his
model, impulses circulate like a pinwheel around a small region of refractory, non-excitable
myocardium, producing vortices of electrical activity that emanate from a central inexcitable
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core. In this view recirculating abnormal electrical emanations disrupt normal electrical ac‐
tivity and cause arrhythmia. Allessie indeed observed ‘leading circle’ or ‘functional’ reentry
under experimental conditions in which acetylcholine markedly shortened atrial action po‐
tential duration and either bursts of high frequency stimulation or ectopic impulses admin‐
istered during so-called ‘vulnerable periods’ induced a type of atrial fibrillation. This
hypothesis of ‘leading circle reentry’ has evolved since 1977 and variants of it are now the
dominant means to explain arrhythmia [25]. In particular, one current ‘state-of-the-art’ view
proposes that the interaction of normal or ectopic impulses with refractory objects of an ap‐
propriate size leads to impulse fractionation and impulse reentry (Figure 1, right). This type
of ‘wavebreak’ allows for impulse recirculation to occur around fixed anatomical sites like
papillary muscles, around scar tissue or around myocardium that poorly conducts electrici‐
ty. These rotors of fractionated impulse can remain fixed in or meander through heart mus‐
cle. Elegant imaging methodologies produced from decades of engineering coupled with
mathematical-biophysical modeling have theorized, searched for and characterized wave‐
break. The high frequency pin-wheel rotors of electrical activity that this model posits have
sometimes been directly observed in the aftermath of high frequency burst stimulation.
Their direct observation has been reported less frequently in myocardial pathologies like is‐
chemia where arrhythmia arises ‘naturally’ in the absence of either burst pacing or exqui‐
sitely timed ectopic stimulations. Regardless, the intellectual flexibility and elegance of the
wavebreak construct allowed for the development of multiple concepts espoused as funda‐
mental mechanisms for arrhythmia including atrial fibrillation [25].

The current iteration of the impulse reentry hypothesis thus proposes that arrhythmia is the
response of contiguous regions of discontinuously excitable and non- or poorly excitable
heart muscle to an external depolarizing influence (Figure 1). That is, reentry requires (a) ex‐
tremely localized inhomogeneity in the conduction properties of heart muscle such as might
occur in the border between scar tissue and viable myocardium, (b) pathological conditions
that affect the biophysical properties of the voltage-dependent sodium or potassium chan‐
nels or (c) decreasing the activity of proteins like connexins which would impose conduction
heterogeneities on the heart. This dominant hypothesis to explain atrial fibrillation or other
arrhythmia views these disorders from a vantage point developed in the early twentieth
century. Arrhythmia in this view begins primarily as a disturbance in heart electrical activi‐
ty. The fact that faradic methods like burst-pacing or stimulation during an ‘electrically vul‐
nerable period’ remain mainstays in inducing arrhythmia and that arrhythmia is assessed
by the electrocardiograph or by other devices that measure myocyte electrical activity sus‐
tains the opinion that rhythm disorders are mainly or solely electrical problems. An alter‐
nate view might ask whether the voltage-dependent ion channels that produce heart
electrical activity are themselves regulated by voltage-independent cell signaling events.
Might such cell signaling events drive arrhythmia? That is, can cardiac non-electrical sources
cause heart electrical problems?

The creative hypothesis proposed by Engelmann to explain arrhythmia emphasized that
changes or defects in small regions of heart muscle might generate sporadic or high frequen‐
cy focal ectopic impulses. The inability to identify a candidate mechanism for focal ectopy at
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the earlier high-speed cinematographic work of Wiggers [23], Moe proposed that local var‐
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impulses to fragment and purposelessly but persistently meander through excitable regions
of atrial (or ventricular) muscle. Moe proposed that such ‘wandering wavelets’ of impulse re‐
entry were the fundamental cause of atrial fibrillation.

This ‘wandering wavelet‘ hypothesis has been modified or superseded during the 50 years
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sometimes been directly observed in the aftermath of high frequency burst stimulation.
Their direct observation has been reported less frequently in myocardial pathologies like is‐
chemia where arrhythmia arises ‘naturally’ in the absence of either burst pacing or exqui‐
sitely timed ectopic stimulations. Regardless, the intellectual flexibility and elegance of the
wavebreak construct allowed for the development of multiple concepts espoused as funda‐
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tremely localized inhomogeneity in the conduction properties of heart muscle such as might
occur in the border between scar tissue and viable myocardium, (b) pathological conditions
that affect the biophysical properties of the voltage-dependent sodium or potassium chan‐
nels or (c) decreasing the activity of proteins like connexins which would impose conduction
heterogeneities on the heart. This dominant hypothesis to explain atrial fibrillation or other
arrhythmia views these disorders from a vantage point developed in the early twentieth
century. Arrhythmia in this view begins primarily as a disturbance in heart electrical activi‐
ty. The fact that faradic methods like burst-pacing or stimulation during an ‘electrically vul‐
nerable period’ remain mainstays in inducing arrhythmia and that arrhythmia is assessed
by the electrocardiograph or by other devices that measure myocyte electrical activity sus‐
tains the opinion that rhythm disorders are mainly or solely electrical problems. An alter‐
nate view might ask whether the voltage-dependent ion channels that produce heart
electrical activity are themselves regulated by voltage-independent cell signaling events.
Might such cell signaling events drive arrhythmia? That is, can cardiac non-electrical sources
cause heart electrical problems?

The creative hypothesis proposed by Engelmann to explain arrhythmia emphasized that
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the turn of the twentieth century, the identification of impulse reentry in jellyfish, and its
ascendance as a facile, malleable explanation for arrhythmia caused the focal view to fall in‐
to disfavor. By the middle of the twentieth century only few proponents supported it, in
particular investigators like Rothberger, Scherf, and Kisch [16,26,27]. They continued to
present data which showed that focal (or cellular) sites of spontaneous depolarization could
provoke arrhythmia just as well as impulse reentry. From the 1920s through the 1950s Scherf
repeatedly reported that focal administration of toxins like aconitine or alkaloids like vera‐
tradine incite cardiac rhythm disturbances that mimic atrial (or ventricular) fibrillation and
atrial flutter. It is important to note that these pharmacological agents initiate arrhythmia by
modifying sodium channel gating properties to disrupt this gatekeeper of the action poten‐
tial. Jervell and Lange-Nielsen published a groundbreaking report in 1957 [28] which first
documented the long QT syndrome and laid the foundation for research on the genetic basis
for arrhythmia. Dessertenne [29] and others greatly developed the appreciation that genetic
mutation can alter the biophysical properties of voltage-dependent sodium and potassium
channels in a manner analogous to the pharmacological approach of Scherf. Consequently,
in addition to changes in the gross electrical properties of heart muscle proposed to underlie
wavebreak and impulse reentry, pharmacological or genetic modification of ion channels
came to be accepted as potential sources of clinical arrhythmia. But this toxin and genetic
view have at least three critical limitations when used as evidence to support a cell-based
focal hypothesis of arrhythmia

Toxins and alkaloids modify the biophysical properties of the sodium channel to provoke
arrhythmic activity. These changes in channel properties at the site of toxin administration
may provoke conditions that favor impulse reentry. Thus these pharmacological approaches
might incite arrhythmia in a reentrant manner analogous to faradic sources.

Mutations of voltage-dependent ion channels also might create conditions for functional or
anatomic impulse reentry. Indeed reentry is invoked to explain genetically-linked arrhyth‐
mia including the long QT syndromes [30].

Even if toxin-induced arrhythmia were purely a focal event, this approach to induce ar‐
rhythmia does not identify the cellular process which might alter the biophysical properties
of the sodium or other voltage-dependent ion channels to recapitulate the arrhythmogenic
effects of aconitine or veratradine.

The development of a robust focal explanation for arrhythmia requires the identification of
cellular mechanisms that destabilize quiescent atrium (or ventricle) to produce sporadic, ta‐
chycardic or fibrillatory ectopic electrical activity. There are two mechanisms now accepted
to generate such abnormal electrical impulses.

4. Mechanism 2: Triggered afterdepolarization

The first is afterdepolarization or triggered activity. This ectopic event (a) arises within
stressed or failing atrial (or ventricular) myocytes, (b) appears to require specific changes in
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intracellular signaling and post-translational protein modification including phosphoryla‐
tion, (c) is hypothesized to depend on changes in intracellular calcium homeostasis, and (d)
needs a preceding action potential as a triggering event.

The groundbreaking work of Arvanataki in 1939 [31] provided the initial evidence for after‐
depolarization. This series of papers demonstrated that spontaneous electrical activity oc‐
curred in a wide range of excitable cells including snail muscle when these preparations
were stimulated at extremely rapid rates and the pacing stimulus then was abruptly stop‐
ped. Studies reported by Bozler in 1943 [32] expanded on this breakthrough work, demon‐
strating that cardiac muscle also can afterdepolarize. The two types of afterdepolarization
are designated as early or delayed events.

Early afterdepolarization occurs either during the Phase II plateau or during Phase III repo‐
larization of a prolonged action potential. Increased late sodium current [33] or decreased
potassium channel activity, lowered ‘repolarization reserve’ [34], may prolong the duration
of the action potential. Numerous studies show that early afterdepolarization occurs more
readily with increased late sodium current compared to decreased repolarization reserve
even though action potential durations are similarly prolonged. Interesting to a focal view of
arrhythmia described later on, stimulating Gαq receptors greatly increases the frequency at
which early afterdepolarization occurs in muscles with decreased repolarization reserve.
The molecular basis for this curious effect has not been conclusively established. Early after‐
depolarization occurs most often at low rates of muscle stimulation and materializes much
less frequently as the stimulation rate increases toward normal. Thus arrhythmia that arises
in settings of bradycardia or in conditions where heart rate is highly variable is often ascri‐
bed to early afterdepolarization. In addition, early afterdepolarization is a likely source for
premature atrial (or ventricular) contraction and more complex arrhythmia when genetic mu‐
tation or pharmacological intervention prolongs the myocardial QT interval.

Delayed afterdepolarization is the second type of triggered activity. By contrast to early af‐
terdepolarization, muscle or myocytes with normal action potentials that have returned to
their Phase IV resting potential generate this type of abnormal impulse. Delayed afterdepo‐
larization usually arises following high frequency burst stimulation of heart or myocytes or
when heart calcium stores are greatly increased. Depending on the precise experimental
condition, afterdepolarization can occur as a solitary event, as a few afterdepolarizations or
as ectopy that lasts for seconds or longer. This latter type of event has been termed ‘sus‐
tained triggered activity’ [33]. Hypotheses for afterdepolarization must explain isolated
events, sustained activity, and the transition between the two. That is, how can a single iso‐
lated ectopic event lead to sustained tachycardic or fibrillary activity?

Schmitt and Erlanger initially explained premature contraction of intact muscle using the
impulse reentry hypothesis [35]. In their view, electrical impulses might recirculate through
junctions in the Purkinje system or around a region of the heart if both somehow came to
possess unidirectional impulse block and altered conduction properties. They envisioned a
scenario wherein recirculation could occur once or in a sustained manner depending on the
electrical characteristics of the recirculating loop. The observation of afterdepolarization in
isolated myocytes indicated that mechanisms besides the gross physiological ones of reentry
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which early afterdepolarization occurs in muscles with decreased repolarization reserve.
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when heart calcium stores are greatly increased. Depending on the precise experimental
condition, afterdepolarization can occur as a solitary event, as a few afterdepolarizations or
as ectopy that lasts for seconds or longer. This latter type of event has been termed ‘sus‐
tained triggered activity’ [33]. Hypotheses for afterdepolarization must explain isolated
events, sustained activity, and the transition between the two. That is, how can a single iso‐
lated ectopic event lead to sustained tachycardic or fibrillary activity?

Schmitt and Erlanger initially explained premature contraction of intact muscle using the
impulse reentry hypothesis [35]. In their view, electrical impulses might recirculate through
junctions in the Purkinje system or around a region of the heart if both somehow came to
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might also initiate triggered activity. January and others [36] proposed voltage-dependent
sodium or calcium channel window currents as potential mediators of early afterdepolariza‐
tion. In their view, the biophysical properties of these voltage-dependent ion channels favor
channel reopening during their prolonged exposure to the membrane potentials of the ac‐
tion potential plateau phase. For a wide range of reasons reviewed by Salama and others
[37,38], neither of these purely electrical explanations adequately explain the production or
the properties of early afterdepolarizations. Window currents also appear to be a less likely
explanation for delayed afterdepolarizations which occur from resting potentials. Pogwizd
among others [39] hypothesized that decreased activity of the inwardly rectifying potassium
channel could sensitize heart muscle to depolarizing influences during diastole. This en‐
hanced sensitivity would favor myocyte delayed afterdepolarization during Phase IV. All of
these explanations, however, view afterdepolarization as essentially an electrical phenomen‐
on. That is, they hold that the voltage-dependent ion channels which produce normal elec‐
trical activity are the sole cause for the ectopic electrical instability of afterdepolarization. An
alternate view of afterdepolarization began to evolve from data first reported in 2000 [40,41]
which proposed that abnormalities in the calcium homeostasis responsible for muscle con‐
traction might cause afterdepolarization.

The mechanism which couples myocyte excitation and contraction remained unresolved in‐
to the 1970s [42]. The experiments of Fabiato established that the passage of small amounts
of calcium across the myocyte plasma membrane initiated the rapid release of a much larger
myocyte calcium store sequestered within the lumen of the sarcoplasmic reticulum (SR) [43].
This calcium release causes the rapid elevation of cytosolic free calcium which induces myo‐
filaments to shorten. The subsequent accumulation of this free cytosolic calcium back into
the SR lumen promotes muscle relaxation. This process of calcium-induced calcium release
is the mechanism through which myocyte electrical depolarization promotes contraction.
Particularly important details of this process were provided by the molecular and electro‐
physiological studies of the voltage-dependent slow calcium channel by Fleckenstein and
others [44], the SR ryanodine receptor calcium release channel by Fleischer and others [45],
and the SR calcium ATPase by MacLennan, Katz, Tada, and others [46-49].

Beta-adrenergic receptor stimulation provokes the phosphorylation of several myocyte pro‐
teins critical for excitation-contraction coupling including SR phospholamban. Phosphoryla‐
tion of phospholamban dissociates it from the SR calcium ATPase which activates this
transporter and enhances the sequestration of cytosolic calcium into the SR lumen [48]. As a
result, SR calcium stores increase which contributes both to the positive inotropic effect of
beta-adrenergic stimulation and to the production of delayed afterdepolarizations. Myocyte
calcium stores likewise increase in response to increased cytosolic sodium, for example fol‐
lowing exposure to the Na/K-ATPase inhibitor ouabain. Excess sodium exits myocytes via
the plasma membrane sodium-calcium exchange transporter leading to myocyte calcium
loading. As first quantitated by Pitts and by Reeves [50,51], this transporter facilitates the
electrogenic exchange of three sodium ions for one calcium ion.

Fleischer [45] and others defined the mechanism through which calcium egresses from the
SR. They demonstrated that the alkaloid ryanodine binds with high affinity to an SR calci‐
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um release channel, locks it into an open state, and permits the leakage of SR calcium. Us‐
ing ryanodine binding as a molecular probe,  they identified and purified the ryanodine
receptor calcium release channel and demonstrated its central role in calcium-induced cal‐
cium release. The development of reporter molecules that measure intracellular free calci‐
um, molecules such as aequorin by Blinks [52] and fura-2 by Grynkiewicz and Tsien [53],
allowed  the  interrogation  of  the  intracellular  calcium  dynamics  of  cardiac  calcium-in‐
duced calcium release.

This myocyte calcium-handling system also offers a cell-based mechanism for triggered ac‐
tivity. Marks [40] and then others [41,54,55], proposed that slow leakage of SR calcium
through dysfunctional ryanodine receptors might incite afterdepolarization especially de‐
layed afterdepolarization. This ‘calcium leak’ hypothesis for triggered arrhythmia (Figure 2)
takes advantage of the localization of the ventricular SR ryanodine receptor calcium release
channel in SR terminal cisternae near the myocyte T-tubule. It posits that SR calcium leak
stimulates calcium efflux on the electrogenic sodium-calcium exchanger which would depo‐
larize myocytes during diastole. Thus conditions that (a) increase the content of myocyte cal‐
cium stores, (b) create a steady-state leak of SR calcium or (c) create a preferential leak of
calcium during diastole would raise myocyte resting membrane potential to more positive
values and reach threshold. Delayed aftedepolarization would result. To some degree this
general model may also hold in atrial myocytes that lack well developed T-tubules. Here
junctional ryanodine receptors appose the atrial myocyte plasma membranes [54]. Increases
in ryanodine receptor calcium leak have been reported in experimentally and pathologically
challenged atrial myocytes, indicating that calcium leak might be a generally applicable
cause for delayed afterdepolarization. How the disruption of calcium homeostasis generates
early afterdepolarization remains under active investigation.

‘Hyperphosphorylation’ of the ryanodine receptor is proposed to incite its leakiness. Using
experimental systems as diverse as lipid bilayers and failing hearts the inventive work of
Marks [40] and others supported protein kinase A as the agent that hyperphosphorylates the
ryanodine receptor and causes leakiness. Work from the laboratory of Bers [41] and others
[54,55] highlighted isoforms of calmodulin-dependent protein kinase II (CaMKII) as a sec‐
ond potential initiator of ryanodine receptor hyperphosphorylation/leakiness. The ryano‐
dine receptor is a large protein critical to the normal function of heart muscle. Thus it is not
unexpected that many cell factors regulate its properties including its leakiness; redox stress
and the interactions between the FKBP12.6 protein and the ryanodine receptor are two such
factors [40,56].

5. Germane questions about ‘calcium leak’ & afterdepolarization

Several questions arise about the logical & widely accepted calcium-leak hypothesis for trig‐
gered arrhythmia.

Does the accepted axis of [SR calcium leakage→electrogenic calcium efflux] describe the en‐
tire mechanism for afterdepolarization or does afterdepolarization result from more compli‐
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cated molecular pathways? Numerous observations in the literature support the latter view.
For example, Ben-David and Zipes [57] showed that reduced repolarization reserve effec‐
tively prolongs the action potential duration of intact heart but does not produce a high inci‐
dence of arrhythmia. By contrast, alpha-adrenergic agonists provoke fulminant early
afterdepolarization and complex arrhythmia in intact hearts with low repolarization reserve.
Beta-adrenergic stimulation of these hearts does not provoke arrhythmia. Both Kimura and
co -authors and Molina-Viamonte and colleagues [58,59] reported that alpha-adrenergic
stimulation provoked delayed afterdepolarization in calcium loaded or ischemic Purkinje fi‐
bers. These authors concluded that a specific alpha 1-adrenergic pathway is involved in in‐
ducing triggered activity in the setting of ischemia and reperfusion. Finally Lo and co-
authors [60] among others report that alpha- and beta-adrenergic receptor stimulation
provokes afterdepolarization in intact pulmonary veins and that CaMKII inhibitors block
this triggered activity. While SR calcium leak might account for these results, one or more
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events specific to alpha-adrenergic receptor stimulation/Gαq signaling might also exacer‐
bate afterdepolarization in hearts with reduced repolarization reserve.

• Can the stimulation of Gαq-coupled signaling by means other than the alpha-1 receptor
enhance afterdepolarization in isolated pulmonary veins or in hearts with reduced repo‐
larization reserve? There is evidence indicating this is the case [61]. Pharmacological and
molecular dissection of the interaction between voltage-independent Gαq-coupled signal‐
ing and early- or delayed-afterdepolarization might reveal new mechanisms for arrhyth‐
mia.

• Does alpha-adrenergic stimulation of Purkinje fibers, isolated pulmonary veins, and nor‐
mal heart muscle with reduced repolarization reserve ‘hyperphosphorylate’ ryanodine re‐
ceptors compared to normal preparations. If ‘hyperphosphorylation’ were not to occur,
then additional molecular mechanisms contribute to afterdepolarization.

• In the particular case of the pulmonary veins, does calcium loading by approaches other
than beta-adrenergic stimulation, approaches like slow calcium channel activation, pro‐
voke spontaneous ectopic activity?

• Does ‘arrhythmogenic’ calcium activate afterdepolarization solely as a charge carrier or as
a signaling intermediate that accelerates ryanodine receptor calcium leak? Anderson and
co-authors reported in 1998 [62] that CaMKII inhibitors prevent afterdepolarization in in‐
tact and isolated cardiac preparations, a result since widely validated [63]. Whether CaM‐
KII acts by hyperphosphorylating the ryanodine receptor or whether it has multiple
arrhythmogenic targets remains open to investigation.

• What source of calcium activates CaMKII to provoke triggered activity? Is this source cal‐
cium leaked from the SR or might alternate mean exist to activate arrhythmogenic calmo‐
dulin and CaMKII?

Triggered afterdepolarization often begins as an isolated event but evolves into more robust
and continuous ectopy, so-called sustained triggered activity. This transition depends on the
duration of high-frequency burst pacing, the dose of pharmacological activators of the late
sodium current, or the apparent timing of R-on-T phenomena. How does the transition from
afterdepolarization to complex arrhythmia like tachycardia or fibrillation actually occur? It
is now generally accepted that these transitions arise from abnormalities in impulse conduc‐
tion. In this view, ectopic afterdepolarization triggers reentry in arrhythmogenic ‘substrate,’
heart muscle that conducts impulses heterogeneously. This facile explanation, however,
may not address all potential causes for the transition from isolated to complex ectopy.
Might afterdepolarization and sustained activity be manifestations of a common cell ar‐
rhythmogenic signaling pathway?

Do both ‘isolated’ and ‘sustained’ triggered activities require CaMKII signaling? That is,
could myocytes or Purkinje cells express an arrhythmogenic pathway in which CaMKII and
afterdepolarization lie upstream of a second calcium-linked mechanism whose stimulation
elicits CaMKII-independent ‘sustained’ ectopic activity?
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sodium current, or the apparent timing of R-on-T phenomena. How does the transition from
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heart muscle that conducts impulses heterogeneously. This facile explanation, however,
may not address all potential causes for the transition from isolated to complex ectopy.
Might afterdepolarization and sustained activity be manifestations of a common cell ar‐
rhythmogenic signaling pathway?
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Figure 3. Four Families of Voltage-Independent Calcium Channels.Left: IP3Rs allow calcium release from intracellu‐
lar ER/SR stores. This generates intracellular signals. ER store depletion activates calcium entry via the Orail a/o Orai1/
TRPC1 store-operated calcium channel (Left box). Center: The transient receptor potential channels permit calcium en‐
try into cells in response to a wide range of influences pertinent to atrial fibrillation (Middle box). These calcium signals
mediate the phenotypic response of atria to stretch or to autonomic signaling. Right: Orail and Orai3 create an arach‐
idonate-sensitive calcium channel. This channel permits calcium entry in response to stress signals that activate eicosa‐
noid metabolism (Right box).

The well-documented role of calcium in arrhythmogenesis and the central role of SR calci‐
um in heart muscle contraction focused the ‘calcium leak’ hypothesis on the SR ryanodine
receptor as the source of arrhythmogenic calcium. At the time of its formulation only the
ryanodine receptor, the voltage-dependent slow calcium channel, and the sodium-calcium
exchanger were accepted to greatly affect cytosolic calcium in atrial or ventricular myocytes
and Purkinje cells. Now extensive work in non-excitable cells has established the voltage-
independent inositol-tris-phosphate receptors (IP3R), the transient receptor potential protein
(TRP) channels and the Orai channels are the predominant means to generate cell calcium
signals (Figure 3).

Stating our proposition succinctly, do after depolarization and complex arrhythmia arise from cell
processes other than those which produce excitation and the ECG (voltage-dependent ion channels) or
myocyte contraction (calcium-induced SR calcium release)? Might myocardial non-electrical, volt‐
age-independent processes provoke myocardial electrical instability including after depolarization?

Reports in the literature and our data suggest they do. Myocytes and Purkinje cells express
the cellular calcium transporters, kinases, lipases and other proteins that initiate and regu‐
late voltage-independent calcium entry and calcium signaling. These include the IP3Rs, the
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TRP channels, the Orai channels, and Stim1. This signaling system normally regulates the
Gαq-coupled growth response, stress responses, and other events in all cells including myo‐
cytes. Our data and that of others lead to an initial hypothesis that voltage-independent cal‐
cium signaling assumes an additional, apparently untoward task in cells like myocytes or
Purkinje cells that highly express voltage-dependent ion channels. This task is the activation
of a calcium-dependent arrhythmogenic signaling pathway. This putative pathway is nor‐
mally silent until appropriate arrhythmogenic stimuli or pharmacological activators rouse it
into action. Depending on the intensity of the activation challenge, we believe this complex
pathway can co-opt the activity of voltage-dependent ion channels to produce isolated after‐
depolarization, afterdepolarization that leads to sustained activity, and high frequency sus‐
tained ectopic activity. In this view, solitary afterdepolarizations are focal events that result
from the activation of one part of a broader calcium-dependent arrhythmogenic pathway.
The activation of an interrelated downstream part of this pathway provokes high-frequency
focal tachycardia or fibrillation. The two parts of this putative pathway functionally interact
which allows the transition between afterdepolarization and complex arrhythmia. This in‐
teraction might transpire in a manner analogous to that described by Shuttleworth [64] for
the sequential activation of voltage-independent calcium signaling and calcium entry path‐
ways in non-excitable cells. In heart the putative calcium signaling events that cause afterde‐
polarization would gradually deplete cell voltage-independent calcium stores specific for
calcium signaling. This depletion stimulates voltage-independent calcium entry via the Orai
channels. We suggest that this type of calcium entry activates sustained ectopic activity.

6. Mechanism 3: Typical abnormal automaticity

Abnormal automaticity occurs when ectopic sites in the atria (or ventricle) spontaneously de‐
polarize independently of normal sinus rhythm or without a preceding triggering event. In‐
vestigators like Vassalle [65] have made important contributions to our current
understanding of this type of ectopy. Typical abnormal automaticity occurs during hypoxia
and ischemia when myocytes partially depolarize from their resting potential of ~-85 to
about -65mV. An additional mechanism for abnormal automaticity takes advantage of the
fact that the hyperpolarization-activated ‘funny currents’, which contribute to normal auto‐
maticity, are expressed throughout the heart [66]. The activation of atrial or ventricular fun‐
ny currents might induce spontaneous depolarization akin to the sinoatrial pacemaker but
the properties of these ectopic channels indicate that they are inactive in normal myocytes.
How ectopically expressed funny channels might spring to life to provoke focal abnormal
automaticity is unresolved.

Several reports suggest the existence of alternate, atypical forms of abnormal automaticity
and that atypical automaticity may be an unrecognized contributor to arrhythmogenesis.
For example, in 1999 Nuss and co-workers [67] reported that myocytes isolated from failing
hearts produced sporadic, spontaneous depolarizations while normal myocytes did not.
These ectopic depolarizations occurred from normal resting potentials, did not require a
preceding external stimulation, and occurred independently of any significant change in in‐
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The well-documented role of calcium in arrhythmogenesis and the central role of SR calci‐
um in heart muscle contraction focused the ‘calcium leak’ hypothesis on the SR ryanodine
receptor as the source of arrhythmogenic calcium. At the time of its formulation only the
ryanodine receptor, the voltage-dependent slow calcium channel, and the sodium-calcium
exchanger were accepted to greatly affect cytosolic calcium in atrial or ventricular myocytes
and Purkinje cells. Now extensive work in non-excitable cells has established the voltage-
independent inositol-tris-phosphate receptors (IP3R), the transient receptor potential protein
(TRP) channels and the Orai channels are the predominant means to generate cell calcium
signals (Figure 3).

Stating our proposition succinctly, do after depolarization and complex arrhythmia arise from cell
processes other than those which produce excitation and the ECG (voltage-dependent ion channels) or
myocyte contraction (calcium-induced SR calcium release)? Might myocardial non-electrical, volt‐
age-independent processes provoke myocardial electrical instability including after depolarization?

Reports in the literature and our data suggest they do. Myocytes and Purkinje cells express
the cellular calcium transporters, kinases, lipases and other proteins that initiate and regu‐
late voltage-independent calcium entry and calcium signaling. These include the IP3Rs, the
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TRP channels, the Orai channels, and Stim1. This signaling system normally regulates the
Gαq-coupled growth response, stress responses, and other events in all cells including myo‐
cytes. Our data and that of others lead to an initial hypothesis that voltage-independent cal‐
cium signaling assumes an additional, apparently untoward task in cells like myocytes or
Purkinje cells that highly express voltage-dependent ion channels. This task is the activation
of a calcium-dependent arrhythmogenic signaling pathway. This putative pathway is nor‐
mally silent until appropriate arrhythmogenic stimuli or pharmacological activators rouse it
into action. Depending on the intensity of the activation challenge, we believe this complex
pathway can co-opt the activity of voltage-dependent ion channels to produce isolated after‐
depolarization, afterdepolarization that leads to sustained activity, and high frequency sus‐
tained ectopic activity. In this view, solitary afterdepolarizations are focal events that result
from the activation of one part of a broader calcium-dependent arrhythmogenic pathway.
The activation of an interrelated downstream part of this pathway provokes high-frequency
focal tachycardia or fibrillation. The two parts of this putative pathway functionally interact
which allows the transition between afterdepolarization and complex arrhythmia. This in‐
teraction might transpire in a manner analogous to that described by Shuttleworth [64] for
the sequential activation of voltage-independent calcium signaling and calcium entry path‐
ways in non-excitable cells. In heart the putative calcium signaling events that cause afterde‐
polarization would gradually deplete cell voltage-independent calcium stores specific for
calcium signaling. This depletion stimulates voltage-independent calcium entry via the Orai
channels. We suggest that this type of calcium entry activates sustained ectopic activity.

6. Mechanism 3: Typical abnormal automaticity

Abnormal automaticity occurs when ectopic sites in the atria (or ventricle) spontaneously de‐
polarize independently of normal sinus rhythm or without a preceding triggering event. In‐
vestigators like Vassalle [65] have made important contributions to our current
understanding of this type of ectopy. Typical abnormal automaticity occurs during hypoxia
and ischemia when myocytes partially depolarize from their resting potential of ~-85 to
about -65mV. An additional mechanism for abnormal automaticity takes advantage of the
fact that the hyperpolarization-activated ‘funny currents’, which contribute to normal auto‐
maticity, are expressed throughout the heart [66]. The activation of atrial or ventricular fun‐
ny currents might induce spontaneous depolarization akin to the sinoatrial pacemaker but
the properties of these ectopic channels indicate that they are inactive in normal myocytes.
How ectopically expressed funny channels might spring to life to provoke focal abnormal
automaticity is unresolved.

Several reports suggest the existence of alternate, atypical forms of abnormal automaticity
and that atypical automaticity may be an unrecognized contributor to arrhythmogenesis.
For example, in 1999 Nuss and co-workers [67] reported that myocytes isolated from failing
hearts produced sporadic, spontaneous depolarizations while normal myocytes did not.
These ectopic depolarizations occurred from normal resting potentials, did not require a
preceding external stimulation, and occurred independently of any significant change in in‐
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tracellular calcium homeostasis. Furthermore, the spontaneous action potentials these ‘fail‐
ing’ cells produced showed no Phase 4 depolarization which might occur if cell funny
currents had somehow become active. One interpretation of this provocative report is that
pathological conditions like failure change the fundamental properties of ventricular myo‐
cytes, transforming normal, non-automatic myocytes into cells that are capable of an atypi‐
cal automatic activity. This change survives cell isolation indicating it is reasonably
permanent and possibly acutely reversible. Nuss did not define a mechanism to transform
non-automatic (normal) myocytes to sporadically or rapidly automatic (failing) ones. The
voltage-independent arrhythmogenic pathway we describe in some detail below is one can‐
didate mechanism.

Robichaux and others [68] assessed the arrhythmogenic mechanisms that underlie experi‐
mental fibrillation and reported that reentry does not predominant either soon after the in‐
duction of faradic fibrillation or several minutes after the start of fibrillation. Rather they
showed that organized sources of relatively regular high frequency ectopic activity drives
long-duration ventricular fibrillation. Others also have reported that focal sources of non-re‐
entrant activity predominate during experimental ventricular fibrillation [69]. Automatic ac‐
tivity was among the proposed explanations for both sets of data. It is possible that an
atypical form of automaticity underlies these results and affords an unrecognized means to
produce sporadic or high frequency myocardial electrical instability.

7. Summary of the mechanisms for arrhythmia

The three current mechanisms for arrhythmia assume that abnormalities in (a) the well-de‐
fined process of normal cardiac excitation-contraction coupling, (b) the propagation of elec‐
trical waves through the heart or (c) the electrical response of heart muscle to enormous
faradic insults circumscribe all the properties of the myocardium needed to fully explain
clinical arrhythmia including atrial fibrillation. In other words, all other non-electrical cell
processes are by-standers in arrhythmogenesis and they little influence heart muscle electri‐
cal stability. None of these three theories is a true focal hypothesis for arrhythmia as envi‐
sioned by Engelman and championed by Scherf and others.

Our fourth view of arrhythmia proposes that non-electrical cell signaling events can destabi‐
lize the electrical activity of myocytes and conduction system cells. Such destabilization pro‐
duces isolated focal ectopic events or high frequency focal tachycardia or fibrillation. Thus
our unconventional hypothesis for arrhythmia proposes that heart muscle can produce elec‐
tromechanical activity in two ways. First is by the well-defined pathway of sinus rhythm
and impulse conduction. This pathway for normal heart electromechanical activity integra‐
tes heart function with systemic physiology. Second, the activation of a cellular ‘arrhythmo‐
genic’ signaling pathway can transform non-automatic myocytes into cells that
spontaneously produce sporadic or high frequency electrical activity independent of exter‐
nal regulators like sinus rhythm or systemic physiology. Aberrant or exuberant myocyte or
Purkinje cell voltage-independent calcium homeostasis is one means we have identified to
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activate this cryptic arrhythmogenic signaling pathway. The novel fourth mechanism out‐
lined below satisfies the requirements for a purely focal hypothesis for arrhythmia.

8. Mechanism 4: Relevant overview of voltage-independent calcium
homeostasis

Cell calcium entry and cell calcium homeostasis are divided operationally into voltage-inde‐
pendent and voltage-dependent domains. Voltage-independent calcium homeostasis regu‐
lates non-excitable and excitable cell signaling events that are critical to cell growth,
survival, and death. Four families of proteins control the generation and propagation of
these calcium signals thereby allowing cells to respond appropriately to challenges or
changes in their environment. Two families of plasma membrane calcium transporters per‐
mit voltage-independent calcium entry in response to extra- or intra-cellular signals. While
cell membrane potential influences these carriers, they are not voltage-gated proteins. A
third family of intracellular calcium release channels interacts functionally with these trans‐
porters. A fourth family maintains the cell calcium stores used to continually generate calci‐
um signals, a task critical for cell viability. None of these families of voltage-independent
proteins is now widely believed to greatly influence heart excitability. Our data and that of
others directly challenge this view. They propose that deranged voltage-independent calci‐
um homeostasis and we suggest the dysregulated activity of one family of voltage-inde‐
pendent calcium channels can provoke heart muscle electrical instability.

The first family is the well-characterized Gαq-coupled receptor proteins (Figure 4). A broad
range of agonists including bioactive peptides like angiotensin II, bioactive lipids like pros‐
taglandins, and hormones like norepinephrine stimulate this family of receptors. Agonist
binding to a specific Gαq-coupled receptor activates a plasma membrane phosphatidylinosi‐
toyl-specific phospholipase C. This lipase generates two active intermediates for voltage-in‐
dependent calcium signaling. Water-soluble inositol-1,4,5-trisphosphate is the first
intermediate as defined in the elegant work of Berridge in the 1970s [70]. The second is the
membrane-bound lipid diacylglycerol. A highly complex interaction among G-protein regu‐
lators, inositol phosphate kinases and phosphatases, and diacylglycerol kinases and lipases
set the rate of production and the steady-state levels of these signaling intermediates.

Inositol-1,4,5-trisphosphate diffuses from the environ of the cytosolic face of the plasma
membrane and binds with high affinity to the IP3Rs, the second family of proteins central to
voltage-independent calcium homeostasis. The ~300kDa IP3Rs are membrane proteins in‐
serted into the endoplasmic reticulum of non-excitable cells and the SR of excitable cells,
and are active as tetramers. IP3Rs are calcium release channels that regulate the egress of
pools of calcium stored within the lumen of the endoplasmic reticulum or the SR. The IP3R
calcium release process is highly regulated and depends on factors including lumen calcium
content, cytosolic free calcium, the post-translational modification of the receptor, and the
binding of regulator proteins like bcl-2 [71]. IP3R calcium release contributes to cytosolic cal‐
cium signaling events through the information encoded in the amplitude of released calci‐
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tracellular calcium homeostasis. Furthermore, the spontaneous action potentials these ‘fail‐
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cytes, transforming normal, non-automatic myocytes into cells that are capable of an atypi‐
cal automatic activity. This change survives cell isolation indicating it is reasonably
permanent and possibly acutely reversible. Nuss did not define a mechanism to transform
non-automatic (normal) myocytes to sporadically or rapidly automatic (failing) ones. The
voltage-independent arrhythmogenic pathway we describe in some detail below is one can‐
didate mechanism.

Robichaux and others [68] assessed the arrhythmogenic mechanisms that underlie experi‐
mental fibrillation and reported that reentry does not predominant either soon after the in‐
duction of faradic fibrillation or several minutes after the start of fibrillation. Rather they
showed that organized sources of relatively regular high frequency ectopic activity drives
long-duration ventricular fibrillation. Others also have reported that focal sources of non-re‐
entrant activity predominate during experimental ventricular fibrillation [69]. Automatic ac‐
tivity was among the proposed explanations for both sets of data. It is possible that an
atypical form of automaticity underlies these results and affords an unrecognized means to
produce sporadic or high frequency myocardial electrical instability.

7. Summary of the mechanisms for arrhythmia

The three current mechanisms for arrhythmia assume that abnormalities in (a) the well-de‐
fined process of normal cardiac excitation-contraction coupling, (b) the propagation of elec‐
trical waves through the heart or (c) the electrical response of heart muscle to enormous
faradic insults circumscribe all the properties of the myocardium needed to fully explain
clinical arrhythmia including atrial fibrillation. In other words, all other non-electrical cell
processes are by-standers in arrhythmogenesis and they little influence heart muscle electri‐
cal stability. None of these three theories is a true focal hypothesis for arrhythmia as envi‐
sioned by Engelman and championed by Scherf and others.

Our fourth view of arrhythmia proposes that non-electrical cell signaling events can destabi‐
lize the electrical activity of myocytes and conduction system cells. Such destabilization pro‐
duces isolated focal ectopic events or high frequency focal tachycardia or fibrillation. Thus
our unconventional hypothesis for arrhythmia proposes that heart muscle can produce elec‐
tromechanical activity in two ways. First is by the well-defined pathway of sinus rhythm
and impulse conduction. This pathway for normal heart electromechanical activity integra‐
tes heart function with systemic physiology. Second, the activation of a cellular ‘arrhythmo‐
genic’ signaling pathway can transform non-automatic myocytes into cells that
spontaneously produce sporadic or high frequency electrical activity independent of exter‐
nal regulators like sinus rhythm or systemic physiology. Aberrant or exuberant myocyte or
Purkinje cell voltage-independent calcium homeostasis is one means we have identified to
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activate this cryptic arrhythmogenic signaling pathway. The novel fourth mechanism out‐
lined below satisfies the requirements for a purely focal hypothesis for arrhythmia.

8. Mechanism 4: Relevant overview of voltage-independent calcium
homeostasis

Cell calcium entry and cell calcium homeostasis are divided operationally into voltage-inde‐
pendent and voltage-dependent domains. Voltage-independent calcium homeostasis regu‐
lates non-excitable and excitable cell signaling events that are critical to cell growth,
survival, and death. Four families of proteins control the generation and propagation of
these calcium signals thereby allowing cells to respond appropriately to challenges or
changes in their environment. Two families of plasma membrane calcium transporters per‐
mit voltage-independent calcium entry in response to extra- or intra-cellular signals. While
cell membrane potential influences these carriers, they are not voltage-gated proteins. A
third family of intracellular calcium release channels interacts functionally with these trans‐
porters. A fourth family maintains the cell calcium stores used to continually generate calci‐
um signals, a task critical for cell viability. None of these families of voltage-independent
proteins is now widely believed to greatly influence heart excitability. Our data and that of
others directly challenge this view. They propose that deranged voltage-independent calci‐
um homeostasis and we suggest the dysregulated activity of one family of voltage-inde‐
pendent calcium channels can provoke heart muscle electrical instability.

The first family is the well-characterized Gαq-coupled receptor proteins (Figure 4). A broad
range of agonists including bioactive peptides like angiotensin II, bioactive lipids like pros‐
taglandins, and hormones like norepinephrine stimulate this family of receptors. Agonist
binding to a specific Gαq-coupled receptor activates a plasma membrane phosphatidylinosi‐
toyl-specific phospholipase C. This lipase generates two active intermediates for voltage-in‐
dependent calcium signaling. Water-soluble inositol-1,4,5-trisphosphate is the first
intermediate as defined in the elegant work of Berridge in the 1970s [70]. The second is the
membrane-bound lipid diacylglycerol. A highly complex interaction among G-protein regu‐
lators, inositol phosphate kinases and phosphatases, and diacylglycerol kinases and lipases
set the rate of production and the steady-state levels of these signaling intermediates.

Inositol-1,4,5-trisphosphate diffuses from the environ of the cytosolic face of the plasma
membrane and binds with high affinity to the IP3Rs, the second family of proteins central to
voltage-independent calcium homeostasis. The ~300kDa IP3Rs are membrane proteins in‐
serted into the endoplasmic reticulum of non-excitable cells and the SR of excitable cells,
and are active as tetramers. IP3Rs are calcium release channels that regulate the egress of
pools of calcium stored within the lumen of the endoplasmic reticulum or the SR. The IP3R
calcium release process is highly regulated and depends on factors including lumen calcium
content, cytosolic free calcium, the post-translational modification of the receptor, and the
binding of regulator proteins like bcl-2 [71]. IP3R calcium release contributes to cytosolic cal‐
cium signaling events through the information encoded in the amplitude of released calci‐
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um and the frequency at which release occurs. Whether the IP3Rs and the ryanodine
receptor access identical calcium stores in excitable cells remains an actively investigated
question.

Diacylglycerol the second signaling intermediate is hydrophobic so it remains intercalated
in membranes following its release from plasma membrane phosphatidylinositol. Diacylgly‐
cerol first was believed to signal by activating a protein kinase C. Subsequent work has
shown that it also activates members of the third family of voltage-independent calcium sig‐
naling proteins which may be germane to arrhythmia, the TRPC family of calcium channels
[72,73].

The TRP channels were first identified in drosophila where they play a central role in vision
transduction [74]. Subsequent work from the laboratories of Birnbaumer [75], Montell [76],
and others identified multiple families of mammalian TRP channels including the classical
(TRPC), the melatonin, the vallinoid, and the ankyrin repeat forms. TRP channels contain six
transmembrane domains and an ion pore domain which selects calcium over sodium under
most conditions. Diacylglycerol released following Gαq receptor stimulation binds to
TRPC3 and TRPC6, activates these channels, and permits cell calcium entry. The TRPC1
channel may participate in cell signaling as a subunit of the store-operated calcium channel
(SOCC) which maintains cell calcium stores [75]. The TRPM3 &TRPA channels appear to ac‐
tivate when cells are stretched while TRPM2 responds to increased oxidant stress [75]. Calci‐
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Figure 4: Model of Gαq Signaling. Agonist occupation of a specific Gαq receptor proteins activate
a phosphatidylinositol specific phospholipase C (PLC-PI). Active lipase hydrolyzes plasma
membrane phosphatidylinositol. This produces diacylglycerol and inositol-1,4,5-trisphosphate. Both
intermediates activate calcium signaling; the former via plasma membrane TRPC3, the latter by
binding to the IP3R which initiates SR/ER calcium release.

Figure 4. Model of Gag Signaling. Agonist occupation of specific Gαq receptor proteins activate a phosphatidylinosi‐
tol specific phospholipase C (PLC-Pl). Active lipase hydrolyzes plasma membrane phosphatidylinositol. This produces
diacylglycerol and inositol-1,4,5-trisphosphate. Both intermediates activate calcium signaling: the former via plasma
membrane TRPC3, the latter by binding to the IP3R which initiates SR/ER calcium release.
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um entering cells through the TRP channels spark downstream signaling responses to
receptor stimulation or to environmental challenges. As muscle stretch and oxidant stress
contribute to the pathophysiology of atrial fibrillation [77], calcium entry linked to TRP
channels may contribute to the hypertrophy and fibrosis that accompany atrial fibrillation.

In 1986 Putney raised a critically important question about voltage-independent calcium ho‐
meostasis [78]. He noted that calcium release events initiated by inositol-1,4,5-trisphosphate
could deplete intracellular calcium stores. This depletion would disrupt continued calcium
signaling. Putney proposed that cells must contain a mechanism to sense the calcium con‐
tent of their stores and promote calcium entry in response to store depletion. This logical
proposition was widely accepted. Electrophysiological and calcium imaging protocols clear‐
ly demonstrate that depleting cell calcium stores in calcium-free media provokes a dramatic
calcium entry when external calcium is restored to these cells. That is, calcium store deple‐
tion activates a cell mechanism to replenish these stores. The initial hypotheses to explain
SOCC calcium entry included a calcium-inducible factor, a direct-coupling mechanism be‐
tween the store and the channel involving the actin cytoskeleton, and an indirect coupling
mechanism [79]. In 2005, however, the elegant molecular mechanism for SOCC calcium en‐
try came into focus. Dziadek and colleagues [80] identified stromal interaction molecule 1
(Stim1) which subsequently was shown to be a sensor for the lumenal calcium of the endo‐
plasmic reticulum. Stim1 resides mainly in the endoplasmic reticulum, contains a single
transmembrane domain, and has a calcium-binding EF-hand domain positioned within the
lumen of the endoplasmic reticulum. In unstimulated cells, Stim1 distributes throughout the
endoplasmic reticulum membrane. Depletion of calcium from the endoplasmic reticulum lu‐
men by any mechanism including calcium release through the IP3R causes Stim1 to translo‐
cate to plasma membrane-endoplasmic reticulum junctions. Here Stim1 docks with plasma
membrane SOCCs and activates SOCC calcium entry which repletes cell calcium stores [81].

Controversy exists about the exact molecular constituents of the SOCC. In one current para‐
digm plasma membrane Orai1 proteins constitute the SOCC. This model proposes that Or‐
ai1 distributes throughout the plasma membrane of cells with full calcium stores, calcium
replete cells, and is inactive. Calcium store depletion causes Stim1 to translocate to endo‐
plasmic reticulum-plasma membrane junctions. Stim1 there binds and activates Orai1 to al‐
low calcium entry. In this model the active channel is an Orai1 tetramer [82]. An alternate
model posits a complex of Orai1 and TRPC1 or other isoforms of TRPC as the active calcium
channel which responds to cell store-depletion but not to extracellular depolarizing influen‐
ces [75]. Regardless of this debate, the Orai proteins are the fourth family of proteins critical
to voltage-independent calcium homeostasis whose tightly regulated function allows contin‐
ued physiological calcium signaling.

How might this general SOCC pathway relate to current views of arrhythmia? As one exam‐
ple, SR calcium store depletion through ‘leaky’ ryanodine receptor might initiate [Stim1-Or‐
ai1/TRPC1] voltage-independent calcium entry in an effort to maintain SR or other myocyte
calcium stores. This type of calcium entry may exacerbate the driving force for afterdepolari‐
zation posited by Marks and others(Figure 5). It also might provoke more serious unexpect‐
ed forms of electrical instability which we outline below.
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um and the frequency at which release occurs. Whether the IP3Rs and the ryanodine
receptor access identical calcium stores in excitable cells remains an actively investigated
question.

Diacylglycerol the second signaling intermediate is hydrophobic so it remains intercalated
in membranes following its release from plasma membrane phosphatidylinositol. Diacylgly‐
cerol first was believed to signal by activating a protein kinase C. Subsequent work has
shown that it also activates members of the third family of voltage-independent calcium sig‐
naling proteins which may be germane to arrhythmia, the TRPC family of calcium channels
[72,73].

The TRP channels were first identified in drosophila where they play a central role in vision
transduction [74]. Subsequent work from the laboratories of Birnbaumer [75], Montell [76],
and others identified multiple families of mammalian TRP channels including the classical
(TRPC), the melatonin, the vallinoid, and the ankyrin repeat forms. TRP channels contain six
transmembrane domains and an ion pore domain which selects calcium over sodium under
most conditions. Diacylglycerol released following Gαq receptor stimulation binds to
TRPC3 and TRPC6, activates these channels, and permits cell calcium entry. The TRPC1
channel may participate in cell signaling as a subunit of the store-operated calcium channel
(SOCC) which maintains cell calcium stores [75]. The TRPM3 &TRPA channels appear to ac‐
tivate when cells are stretched while TRPM2 responds to increased oxidant stress [75]. Calci‐

Ca

Gαq PLC-
PI TRPC3

Ca
Ca

SERCA

Ca

Ca

Ca

Ca

Ca

IP3R

Gαq PLC-
PI

TRPC3

Ca

Ca

SERCA

Ca

Ca

Ca

Ca

Ca

Ca
IP3R

Ca

Phosphatidyl-
inositol

Inositol-1,4,5
trisphosphate

Diacylglycerol

Gαq agonist:
e.g. norepinephrine

Ca

Calcium
signal

Ca

Figure 4: Model of Gαq Signaling. Agonist occupation of a specific Gαq receptor proteins activate
a phosphatidylinositol specific phospholipase C (PLC-PI). Active lipase hydrolyzes plasma
membrane phosphatidylinositol. This produces diacylglycerol and inositol-1,4,5-trisphosphate. Both
intermediates activate calcium signaling; the former via plasma membrane TRPC3, the latter by
binding to the IP3R which initiates SR/ER calcium release.

Figure 4. Model of Gag Signaling. Agonist occupation of specific Gαq receptor proteins activate a phosphatidylinosi‐
tol specific phospholipase C (PLC-Pl). Active lipase hydrolyzes plasma membrane phosphatidylinositol. This produces
diacylglycerol and inositol-1,4,5-trisphosphate. Both intermediates activate calcium signaling: the former via plasma
membrane TRPC3, the latter by binding to the IP3R which initiates SR/ER calcium release.

Atrial Fibrillation - Mechanisms and Treatment94

um entering cells through the TRP channels spark downstream signaling responses to
receptor stimulation or to environmental challenges. As muscle stretch and oxidant stress
contribute to the pathophysiology of atrial fibrillation [77], calcium entry linked to TRP
channels may contribute to the hypertrophy and fibrosis that accompany atrial fibrillation.

In 1986 Putney raised a critically important question about voltage-independent calcium ho‐
meostasis [78]. He noted that calcium release events initiated by inositol-1,4,5-trisphosphate
could deplete intracellular calcium stores. This depletion would disrupt continued calcium
signaling. Putney proposed that cells must contain a mechanism to sense the calcium con‐
tent of their stores and promote calcium entry in response to store depletion. This logical
proposition was widely accepted. Electrophysiological and calcium imaging protocols clear‐
ly demonstrate that depleting cell calcium stores in calcium-free media provokes a dramatic
calcium entry when external calcium is restored to these cells. That is, calcium store deple‐
tion activates a cell mechanism to replenish these stores. The initial hypotheses to explain
SOCC calcium entry included a calcium-inducible factor, a direct-coupling mechanism be‐
tween the store and the channel involving the actin cytoskeleton, and an indirect coupling
mechanism [79]. In 2005, however, the elegant molecular mechanism for SOCC calcium en‐
try came into focus. Dziadek and colleagues [80] identified stromal interaction molecule 1
(Stim1) which subsequently was shown to be a sensor for the lumenal calcium of the endo‐
plasmic reticulum. Stim1 resides mainly in the endoplasmic reticulum, contains a single
transmembrane domain, and has a calcium-binding EF-hand domain positioned within the
lumen of the endoplasmic reticulum. In unstimulated cells, Stim1 distributes throughout the
endoplasmic reticulum membrane. Depletion of calcium from the endoplasmic reticulum lu‐
men by any mechanism including calcium release through the IP3R causes Stim1 to translo‐
cate to plasma membrane-endoplasmic reticulum junctions. Here Stim1 docks with plasma
membrane SOCCs and activates SOCC calcium entry which repletes cell calcium stores [81].

Controversy exists about the exact molecular constituents of the SOCC. In one current para‐
digm plasma membrane Orai1 proteins constitute the SOCC. This model proposes that Or‐
ai1 distributes throughout the plasma membrane of cells with full calcium stores, calcium
replete cells, and is inactive. Calcium store depletion causes Stim1 to translocate to endo‐
plasmic reticulum-plasma membrane junctions. Stim1 there binds and activates Orai1 to al‐
low calcium entry. In this model the active channel is an Orai1 tetramer [82]. An alternate
model posits a complex of Orai1 and TRPC1 or other isoforms of TRPC as the active calcium
channel which responds to cell store-depletion but not to extracellular depolarizing influen‐
ces [75]. Regardless of this debate, the Orai proteins are the fourth family of proteins critical
to voltage-independent calcium homeostasis whose tightly regulated function allows contin‐
ued physiological calcium signaling.

How might this general SOCC pathway relate to current views of arrhythmia? As one exam‐
ple, SR calcium store depletion through ‘leaky’ ryanodine receptor might initiate [Stim1-Or‐
ai1/TRPC1] voltage-independent calcium entry in an effort to maintain SR or other myocyte
calcium stores. This type of calcium entry may exacerbate the driving force for afterdepolari‐
zation posited by Marks and others(Figure 5). It also might provoke more serious unexpect‐
ed forms of electrical instability which we outline below.
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Orai2 and Orai3 are the remaining members of this fourth family. Orai2 is a pseudogene and
has garnered some interest. By contrast, Shuttleworth first demonstrated that Orai3 is an im‐
portant participant in voltage-independent calcium signaling [64]. Elegant work from his lab
group shows that pentamers of Orai3 and Orai1 form an arachidonate regulated calcium
channel (ARC). Arachidonate binding to ARC causes channel activation and permits volt‐
age-independent calcium entry. Like the SOCC, ARC also requires Stim1 but it uses the
small pool of Stim1 present in the plasma membrane. The arachidonate which activates
ARC can arise from several sources. In cell culture experiments it is usually added exoge‐
nously. Calcium-dependent cytosolic phospholipase A2 is a key source of cellular free arach‐
idonate in physiological settings. Importantly, the arachidonate arising from the action of
calcium-dependent cytosolic phospholipase A2 on cell phospholipids is a key source for in‐
flammatory prostaglandins and leukotrienes. CaMKII phosphorylates and activates this
phospholipase [83]. Thus two possibilities emerge. First, myocyte calcium loading may acti‐
vate CaMKII which then phosphorylates cytosolic calcium-dependent phospholipase A2;
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second, the arachidonate this lipase produces may activate ARC, voltage-independent calci‐
um entry, the production of inflammatory molecules, and possibly ectopic activity.

The past 50 years of research in heart calcium and arrhythmogenesis have focused principal‐
ly on voltage-dependent calcium homeostasis. Indeed there are only few reports which
identify atrial, ventricular, sinoatrial or Purkinje cell expression of the molecular constitu‐
ents of voltage-independent calcium homeostasis. Even fewer of these reports detail the
unique intracellular distribution of these proteins in the different types of heart cells or
study how this pattern of distribution might contribute to arrhythmogenesis.

Bootman and co-authors [84] provide convincing evidence that atrial myocytes contain pre‐
dominately the type 2 IP3R. They show that atrial myocytes express about 10-fold more
IP3R than do ventricular myocytes. An impressive observation they and others report is that
this calcium release channel distributes mainly in the junctional SR near to the sarcolemmal
membrane and that these IP3Rs associate with the junctional ryanodine receptors that encir‐
cle each atrial myocyte. Bootman and others suggest that these IP3Rs sensitize ryanodine re‐
ceptor calcium release and may participate in the response of atria to inotropic Gαq receptor
agonists.

Only little is known about the expression of the TRP channels, the Orai channels, and the
Stim proteins in normal atrial muscle and pulmonary veins. To our knowledge how patho‐
logical situations like paroxysmal or sustained atrial fibrillation affect the expression of these
calcium channels and channel regulators has not been investigated. This is important infor‐
mation as these families of proteins control the induction of hypertrophy, the response to
stretch, fibrosis, and the intrinsic pathway for apoptosis. A complete evaluation of these sig‐
naling proteins in normal and diseased atria would dissect the molecular mechanisms
through which atria responds to clinically relevant stressors and how these responses may
favor dysfunction including electrical instability like atrial fibrillation.

Ventricular myocytes contain much lower levels of the IP3Rs relative to atria. Of interest
Mohler [85] and others report that ventricular IP3Rs preferentially associate with the para‐
junctional SR of the T-tubule. The purpose or consequence of the specific localization of
these calcium release channels is actively investigated. The responsiveness of heart muscle
to Gαq stimulation increases during hypertrophy and heart failure. These results are in
keeping with reports that the expression of ventricular IP3Rs increases in these diseases. Us‐
ing probes specific for the type 1 IP3R, Marks [86] showed that the ventricular content of
these channels nearly triples in failing heart while characteristically the content of the ryano‐
dine receptor decreases by a factor of at least two. Little is known about the expression or
functional properties of ventricular TRP channels, Orai channels, and Stim proteins either in
normal or diseased heart.

By comparison with the paucity of work in ventricular myocytes, in 1994 Volpe [87] provid‐
ed the first evidence that IP3Rs are highly expressed in the conduction system. Subsequent
elegant and thorough analyses by Boyden, ter Keurs and colleagues demonstrated an intri‐
cate distribution of the IP3Rs and the ryanodine receptors in the Purkinje cells of the con‐
duction system [88]. Much like atrial myocytes, the IP3Rs distribute at the periphery of
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group shows that pentamers of Orai3 and Orai1 form an arachidonate regulated calcium
channel (ARC). Arachidonate binding to ARC causes channel activation and permits volt‐
age-independent calcium entry. Like the SOCC, ARC also requires Stim1 but it uses the
small pool of Stim1 present in the plasma membrane. The arachidonate which activates
ARC can arise from several sources. In cell culture experiments it is usually added exoge‐
nously. Calcium-dependent cytosolic phospholipase A2 is a key source of cellular free arach‐
idonate in physiological settings. Importantly, the arachidonate arising from the action of
calcium-dependent cytosolic phospholipase A2 on cell phospholipids is a key source for in‐
flammatory prostaglandins and leukotrienes. CaMKII phosphorylates and activates this
phospholipase [83]. Thus two possibilities emerge. First, myocyte calcium loading may acti‐
vate CaMKII which then phosphorylates cytosolic calcium-dependent phospholipase A2;
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second, the arachidonate this lipase produces may activate ARC, voltage-independent calci‐
um entry, the production of inflammatory molecules, and possibly ectopic activity.

The past 50 years of research in heart calcium and arrhythmogenesis have focused principal‐
ly on voltage-dependent calcium homeostasis. Indeed there are only few reports which
identify atrial, ventricular, sinoatrial or Purkinje cell expression of the molecular constitu‐
ents of voltage-independent calcium homeostasis. Even fewer of these reports detail the
unique intracellular distribution of these proteins in the different types of heart cells or
study how this pattern of distribution might contribute to arrhythmogenesis.

Bootman and co-authors [84] provide convincing evidence that atrial myocytes contain pre‐
dominately the type 2 IP3R. They show that atrial myocytes express about 10-fold more
IP3R than do ventricular myocytes. An impressive observation they and others report is that
this calcium release channel distributes mainly in the junctional SR near to the sarcolemmal
membrane and that these IP3Rs associate with the junctional ryanodine receptors that encir‐
cle each atrial myocyte. Bootman and others suggest that these IP3Rs sensitize ryanodine re‐
ceptor calcium release and may participate in the response of atria to inotropic Gαq receptor
agonists.

Only little is known about the expression of the TRP channels, the Orai channels, and the
Stim proteins in normal atrial muscle and pulmonary veins. To our knowledge how patho‐
logical situations like paroxysmal or sustained atrial fibrillation affect the expression of these
calcium channels and channel regulators has not been investigated. This is important infor‐
mation as these families of proteins control the induction of hypertrophy, the response to
stretch, fibrosis, and the intrinsic pathway for apoptosis. A complete evaluation of these sig‐
naling proteins in normal and diseased atria would dissect the molecular mechanisms
through which atria responds to clinically relevant stressors and how these responses may
favor dysfunction including electrical instability like atrial fibrillation.

Ventricular myocytes contain much lower levels of the IP3Rs relative to atria. Of interest
Mohler [85] and others report that ventricular IP3Rs preferentially associate with the para‐
junctional SR of the T-tubule. The purpose or consequence of the specific localization of
these calcium release channels is actively investigated. The responsiveness of heart muscle
to Gαq stimulation increases during hypertrophy and heart failure. These results are in
keeping with reports that the expression of ventricular IP3Rs increases in these diseases. Us‐
ing probes specific for the type 1 IP3R, Marks [86] showed that the ventricular content of
these channels nearly triples in failing heart while characteristically the content of the ryano‐
dine receptor decreases by a factor of at least two. Little is known about the expression or
functional properties of ventricular TRP channels, Orai channels, and Stim proteins either in
normal or diseased heart.

By comparison with the paucity of work in ventricular myocytes, in 1994 Volpe [87] provid‐
ed the first evidence that IP3Rs are highly expressed in the conduction system. Subsequent
elegant and thorough analyses by Boyden, ter Keurs and colleagues demonstrated an intri‐
cate distribution of the IP3Rs and the ryanodine receptors in the Purkinje cells of the con‐
duction system [88]. Much like atrial myocytes, the IP3Rs distribute at the periphery of
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Purkinje cells. Here they associate with ryanodine receptors within specific regions of the
cytoplasm just below the Purkinje plasma membrane. Boyden, ter Keurs and co-authors
speculate that this striking arrangement plays a role in the arrhythmogenic potential of the
conduction system. Establishing this critically important conclusion is a clear priority in ar‐
rhythmia research. Little is known about Purkinje cell expression of the TRP channels, the
Orai channels or Stims. One could speculate that Stim1, Orai1 and TRPC1 might be highly
expressed in the conduction system as they are functionally related to the IP3Rs. One ques‐
tion of potential importance is whether the marked increase in IP3R expression reported in
failing heart occurs in the Purkinje system, in myocytes or in both. Furthermore, it would be
useful to determine whether the expression of Orai1, Stim1, and TRPC1 respond similarly to
‘failure’ as do the IP3Rs. If the expression of these three IP3R partners were to increase, then
the activity or hyperactivity of voltage-independent calcium signaling may contribute to the
increased arrhythmogenicity seen in heart failure, as Boyden and ter Keurs speculate [88].

Ju and co-authors [89] and Demion and co-authors [90] reported that the sinoatrial node
expresses  the  TRP channels  which play a  role  in  normal  automaticity.  A more detailed
analysis  of  the  expression  of  other  voltage-independent  calcium  signaling  proteins  and
how they contribute to normal automaticity is clearly required. To our knowledge noth‐
ing is known of the expression or activity of voltage-independent calcium signaling pro‐
teins  in  the  muscular  sleeves  of  the  pulmonary  or  other  supraventricular  vessels.  Since
alpha-adrenergic agonists induce afterdepolarization and automatic activity in these ana‐
tomical structures, characterizing ‘muscular sleeve’ TRP channel, Orai channel, Stim, and
IP3R expression should aid in establishing whether these channels contribute to paroxys‐
mal atrial fibrillation.

9. Is voltage-independent calcium signaling a focal source of arrhythmia?

Experimental evidence acquired in intact animals, in intact heart muscle, and intact pulmo‐
nary veins coupled with clinical studies of human arrhythmia strongly suggest that Gαq-
coupled receptor stimulation and by inference voltage-independent calcium signaling can
initiate afterdepolarization and more complex arrhythmia. However, no attempt was made
in these intact preparations to positively connect the calcium signaling linked to IP3Rs, the
TRP channels or the Orai channels to atrial electrical instability.

Bootman and Blatter [84,91] acquired such evidence in isolated atrial myocytes. They dem‐
onstrated that Gαq agonists like endothelin-1 and pharmacological activators of the IP3Rs
provoke ectopic calcium sparks, calcium waves, spontaneous calcium transients, and calci‐
um alternans in atrial myocytes. Both groups concluded that exuberant calcium release from
IP3Rs sensitizes the junctional ryanodine receptors of atrial myocytes, increasing their sus‐
ceptibility to spontaneous calcium release events. Importantly, low concentrations of 2APB
that block both the IP3Rs and the TRP channels suppress abnormal atrial myocyte calcium
release. Blatter then showed [92] that the genetic ablation of the atrial myocyte type 2 IP3R
suppresses ‘arrhythmogenic’ calcium release in atrial myocytes treated with endothelin-1.
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Together these data support and extend earlier intact animal studies and provide striking
evidence that voltage-independent calcium homeostasis contributes to atrial arrhythmogen‐
ic calcium signaling.

The depletion of inositol-1,4,5-trisphosphate sensitive calcium stores which likely occurs
with high levels of Gαq stimulation provokes SOCC calcium entry [64,78,81,82]. Thus while
disturbed inositol-1,4,5-trisphosphate-linked calcium signaling is arrhythmogenic, it re‐
mains open to question whether (a) calcium release through IP3Rs, (b) the attendant in‐
crease in SOCC calcium entry or (c) both provoke ectopy. Furthermore whether these
ectopic calcium release events produce myocyte depolarization in a 1:1 manner remains to
be established as well as the mechanism through which ectopic depolarization might occur.
It is also important to define whether the cause for abnormal depolarization in these myo‐
cytes is solely or mainly calcium efflux on the sodium-calcium exchanger or if other calcium
signaling events are involved.

Hirose and co-authors [93] used transgenesis to obtain molecular and pharmacological evi‐
dence that dysregulated Gαq-coupled calcium signaling profoundly disrupts atrial and ven‐
tricular electrical stability. They employed a mouse model developed by Mende [94] which
transiently overexpresses constitutively active Gαq in a heart-specific manner. The atria of
these genetically modified mice are grossly enlarged and exhibit paroxysmal or persistent
fibrillation. To establish that deranged diacylglycerol metabolism caused these atrial abnor‐
malities, Hirose created a second mouse which overexpresses both Gαq and diacylglycerol
kinase ζ. Such a double transgenic would accelerate diacylglycerol phosphorylation to phos‐
phatidic acid, reduce heart content of diacylglycerol, and thus TRPC3 signaling. Mice har‐
boring both transgenes had essentially normal atrial anatomy and electrical activity. The
current reentry hypothesis for atrial fibrillation would propose that the electrical instability
observed in the atria of Gαq overexpressors results from atrial enlargement and from the
high levels of fibrosis observed in these muscles. In this electrocentric view, transgenically
increasing diacylglycerol kinase activity would suppress atrial fibrillation by restoring nor‐
mal atrial size and by reducing arrhythmogenic atrial scarring/abnormal conduction. Curi‐
ously, reentry also proposes electrical abnormalities like fibrillation should not occur in
muscles as small as mouse atria (or ventricle) [20,22,24]. Vaidya and authors [95] first report‐
ed a similar egregious violation of Garrey’s ‘critical mass’ tenet for reentry when they re‐
ported the occurrence of faradic fibrillation in mouse heart. They postulated unusual forms
of wavebreak to account for this unexpected result.

Hirose and co-authors addressed this possible interpretation of their data in a follow-on pa‐
per [96]. Here they investigated how Gαq overexpression affected ventricular electrical sta‐
bility and heart failure. They observed that mice which overexpress constitutively active
Gαq exhibit heart failure and sustained or paroxysmal ventricular tachycardia and fibrilla‐
tion. Some of the ventricular arrhythmia recorded in these transgenic mice may result from
the irregularly irregular electrical activity produced by fibrillating atria but much of this ec‐
topy appeared to originate in the ventricles themselves. Importantly, they reported that the
acute administration of SKF-96365, a TRP and Orai channel inhibitor [97], reverses ventricu‐
lar fibrillation and restores sinus rhythm in Gαq transgenic mice. This result could only oc‐
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current reentry hypothesis for atrial fibrillation would propose that the electrical instability
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mal atrial size and by reducing arrhythmogenic atrial scarring/abnormal conduction. Curi‐
ously, reentry also proposes electrical abnormalities like fibrillation should not occur in
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cur if SKF-96365 also effectively suppressed atrial fibrillation in these animals. It is vital to
remember that the atria of these transgenic mice treated acutely with SKF-96365 remained
grossly enlarged and fibrotic. This single result, obtained in a model which mimics the high
autonomic drive associated with atrial fibrillation, dissociates fibrillation from atrial enlarge‐
ment and fibrosis.

Hirose’s data argue that a focal, non-reentrant mechanism can produce atrial and ventricu‐
lar fibrillation. Specifically, the genetic activation of Gαq-coupled signaling promotes car‐
diac hypertrophy which would enlarge the atria in Gαq transgenic mice. Atrial fibrosis may
result from enhanced Gαq signaling or from the activation of specific gene programs. This
transgenic intervention enhances heart diacylglycerol content and consequently the activity
of TRPC3/6. Exuberant Gαq stimulation, voltage-independent calcium entry and signaling
might deplete or disrupt voltage-independent calcium stores initiating compensatory SOCC
calcium entry. The acute administration of SKF-96365 would block calcium entry via
TRPC3/6 and/or the Orai1/3 channels. Thus calcium entry via voltage-independent calcium
channels or arrhythmogenic signaling events downstream of these channels may cause atrial
and ventricular fibrillation in this model.
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The reentry hypothesis would propose that rhythm disturbances in Gαq overexpressing
mice occur because hypertrophy and fibrosis provide an ‘arrhythmogenic substrate’ that in‐
homogeneously conducts electrical impulses. In a reentrant view fibrosis, hypertrophy, and
arrhythmia cannot be completely dissociated. By contrast, a focal view proposes that ar‐
rhythmia arises from cell signaling events that may be functionally distinct from those that
produce fibrosis or hypertrophy; these three events may be dissociable. Hirose’s SKF-96365
data support a focal view. If the atrial and ventricular fibrillation in these mice were self-
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sustaining and provoked by atrial enlargement and fibrotic substrate, they should not have
reversed abruptly or at all. That they did suggests that cell events may indeed drive this ar‐
rhythmic activity.

These data in humans, intact animals, preparations of pulmonary vascular tissue, and in iso‐
lated myocytes pinpoint voltage-independent calcium homeostasis as an underappreciated
source of arrhythmia (Figure 6). That is, these types of signaling events when regulated and
occurring at normal levels allow hearts to increase mass in response to hypertrophic stimuli.
By contrast, the dysregulation or hyperactivity of one or more aspects of voltage-independ‐
ent calcium entry or downstream signaling appears to elicit spontaneous sporadic or high
frequency ectopic depolarizations in intact atria and ventricle. Consequently some arrhyth‐
mia might be purely a cell’s response to extra- or intra-cellular conditions that disrupt volt‐
age-independent calcium homeostasis. Note that in contrast to ‘calcium leak’ models which
often require burst pacing to induce atrial (or ventricular) arrhythmia [40,54,55], the disrup‐
tion of voltage-independent calcium homeostasis results in intact heart muscle spontaneous‐
ly producing profound complex arrhythmia.

While provocative these evidences for a focal mechanism for arrhythmia leave unanswered
at least four questions.

• Which part or parts of voltage-independent calcium homeostasis underlie this arrhythmic
activity, (a) calcium release through the IP3R, (b) calcium entry via one of more of the
TRP channels, (c) calcium entry via the Orai channels and/or (d) calcium signaling down‐
stream of these channels?

• Can this novel mechanism for arrhythmia account for the gamut of ectopic activities from
sporadic depolarization to paroxysmal or sustained tachycardia to fibrillation?

• How might pathological stimuli or high autonomic activity favor the activation of this ar‐
rhythmogenic mechanism?

• What is the final molecular initiator of this putative focal mechanism for arrhythmia?

Work from our laboratory has begun to address these questions using the following rationale.

Lewis [98,99], Putney [78], Shuttleworth [64] and others identify voltage-independent calci‐
um homeostasis as a dynamic process that depends on the inter-relationship between multi‐
ple families of calcium channels and the filling state of intracellular calcium stores. In this
model Gαq agonists provoke calcium entry via TRPC3 as well as the release of calcium from
internal stores regulated by IP3Rs. These calcium entry and release events sum to generate
intracellular signals which are then terminated by re-accumulation of calcium into the endo‐
plasmic reticulum lumen. The net flux of calcium out of the reticular lumen is a sum of all
inputs experienced by a cell under any particular physiological or pathophysiological condi‐
tions. As one or more of these agonist signals increases in intensity, the local or the net calci‐
um content of the reticular calcium stores begins to decrease. As stores deplete, the [Stim1-
Orai1/TRPC1] channel complex activates to refill them, permitting continued calcium
signaling. Excessive or continual calcium store depletion initiates a strong SOCC calcium en‐
try response. Earlier studies suggest a potent arrhythmic effect associates with excessive or
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cur if SKF-96365 also effectively suppressed atrial fibrillation in these animals. It is vital to
remember that the atria of these transgenic mice treated acutely with SKF-96365 remained
grossly enlarged and fibrotic. This single result, obtained in a model which mimics the high
autonomic drive associated with atrial fibrillation, dissociates fibrillation from atrial enlarge‐
ment and fibrosis.

Hirose’s data argue that a focal, non-reentrant mechanism can produce atrial and ventricu‐
lar fibrillation. Specifically, the genetic activation of Gαq-coupled signaling promotes car‐
diac hypertrophy which would enlarge the atria in Gαq transgenic mice. Atrial fibrosis may
result from enhanced Gαq signaling or from the activation of specific gene programs. This
transgenic intervention enhances heart diacylglycerol content and consequently the activity
of TRPC3/6. Exuberant Gαq stimulation, voltage-independent calcium entry and signaling
might deplete or disrupt voltage-independent calcium stores initiating compensatory SOCC
calcium entry. The acute administration of SKF-96365 would block calcium entry via
TRPC3/6 and/or the Orai1/3 channels. Thus calcium entry via voltage-independent calcium
channels or arrhythmogenic signaling events downstream of these channels may cause atrial
and ventricular fibrillation in this model.
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rhythmia arises from cell signaling events that may be functionally distinct from those that
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sustaining and provoked by atrial enlargement and fibrotic substrate, they should not have
reversed abruptly or at all. That they did suggests that cell events may indeed drive this ar‐
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lated myocytes pinpoint voltage-independent calcium homeostasis as an underappreciated
source of arrhythmia (Figure 6). That is, these types of signaling events when regulated and
occurring at normal levels allow hearts to increase mass in response to hypertrophic stimuli.
By contrast, the dysregulation or hyperactivity of one or more aspects of voltage-independ‐
ent calcium entry or downstream signaling appears to elicit spontaneous sporadic or high
frequency ectopic depolarizations in intact atria and ventricle. Consequently some arrhyth‐
mia might be purely a cell’s response to extra- or intra-cellular conditions that disrupt volt‐
age-independent calcium homeostasis. Note that in contrast to ‘calcium leak’ models which
often require burst pacing to induce atrial (or ventricular) arrhythmia [40,54,55], the disrup‐
tion of voltage-independent calcium homeostasis results in intact heart muscle spontaneous‐
ly producing profound complex arrhythmia.

While provocative these evidences for a focal mechanism for arrhythmia leave unanswered
at least four questions.

• Which part or parts of voltage-independent calcium homeostasis underlie this arrhythmic
activity, (a) calcium release through the IP3R, (b) calcium entry via one of more of the
TRP channels, (c) calcium entry via the Orai channels and/or (d) calcium signaling down‐
stream of these channels?

• Can this novel mechanism for arrhythmia account for the gamut of ectopic activities from
sporadic depolarization to paroxysmal or sustained tachycardia to fibrillation?

• How might pathological stimuli or high autonomic activity favor the activation of this ar‐
rhythmogenic mechanism?

• What is the final molecular initiator of this putative focal mechanism for arrhythmia?

Work from our laboratory has begun to address these questions using the following rationale.

Lewis [98,99], Putney [78], Shuttleworth [64] and others identify voltage-independent calci‐
um homeostasis as a dynamic process that depends on the inter-relationship between multi‐
ple families of calcium channels and the filling state of intracellular calcium stores. In this
model Gαq agonists provoke calcium entry via TRPC3 as well as the release of calcium from
internal stores regulated by IP3Rs. These calcium entry and release events sum to generate
intracellular signals which are then terminated by re-accumulation of calcium into the endo‐
plasmic reticulum lumen. The net flux of calcium out of the reticular lumen is a sum of all
inputs experienced by a cell under any particular physiological or pathophysiological condi‐
tions. As one or more of these agonist signals increases in intensity, the local or the net calci‐
um content of the reticular calcium stores begins to decrease. As stores deplete, the [Stim1-
Orai1/TRPC1] channel complex activates to refill them, permitting continued calcium
signaling. Excessive or continual calcium store depletion initiates a strong SOCC calcium en‐
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dysregulated activation of this overall pathway [57-61]. The interpretation of this data fo‐
cused on calcium release through the IP3R and showed that pharmacological blockade or
genetic ablation of this protein suppresses ectopic electromechanical activity. However, (a)
Gαq stimulation, (b) voltage-independent calcium release from the IP3Rs, and (c) Orai-
linked SOCC calcium entry are interrelated events [64,98]. Thus exuberant arrhythmogenic
Gαq stimulation [96] or IP3R calcium release [91,92] will activate Orai-linked calcium entry
(Figure 7). Previous experiments did not fully address whether the first two of these volt‐
age-independent events or the third one, Orai-linked calcium entry, might drive arrhythmic
activity. Thus we wished to test whether increased Orai channel opening might be an unrec‐
ognized arrhythmic principle (Figure 7). This requires a means to activate the Orais.

Putney reported [100] that 2-aminoethoxydiphenyl borate (2APB) activates calcium entry in
non-excitable cells apparently by a store-operated mechanism. Subsequent work [101-102]
conclusively demonstrated that 2APB pharmacologically opens Orai1 with an EC50 of 20μM
and Orai3 with an EC50 of 13μM. 2APB also alters the ion conduction properties of these
channels to enhance sodium transport. We took advantage of this Orai channel opener to in‐
terrogate in a crude manner whether activating voltage-independent calcium channels
might underlie a focal mechanism for arrhythmia.

We found that 2APB provokes a novel type of arrhythmic activity [103-106] which appears
to satisfy the demands of the focal source hypothesis of Engelmann and Scherf. In particular,
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intact, superfused normal rat left atria and rat left ventricular papillary muscles begin to
spontaneously contact when they are challenged with 2APB at concentrations greater than
10μM. This ectopic activity takes several minutes to arise following muscle exposure to
2APB but once initiated it occurs persistently until this borinate is removed from the super‐
fusate. Increasing muscle calcium by several disparate means including slow channel activa‐
tion and ouabain markedly increases the rate of this ectopic activity [104 see Table I]. Under
well-defined conditions isolated left atria and left ventricular papillaries can produce persis‐
tent ectopic activity at rates of at least 10 to 12 Hz at 37°C (Figure 8). These rates are similar
to those reported for arrhythmic drivers of clinical and experimental arrhythmia [107]. Reen‐
trant mechanisms are usually invoked to explain such drivers but cell-based focal means
may also exist to provoke persistent high frequency ectopy. The disruption of heart muscle
electromechanical stability by 2APB is not self-sustaining as this high frequency ectopy
stops immediately after the removal of this molecule from the superfusate. One implication
from this reversible destabilization is that a cell-based voltage-independent mechanism for
arrhythmia would produce electrical instability only as long as it remains stimulated. Parox‐
ysmal or persistent arrhythmia thus might result if the pathological disturbance of voltage-
independent calcium homeostasis were ephemeral or unrelenting in nature regardless of the
presence or absence of arrhythmogenic ‘substrate.’ Hirose’s work and our data in fibrillating
hearts discussed in a following section substantiate this speculation.

2APB induces a unique atypical automaticity in non-automatic heart muscle. Specifically,
2APB provokes high frequency ectopic action potentials and muscle contraction even when
added to the superfusate of quiescent left atria or left ventricular papillary muscles [105 see
Figure 3]. That is, non-automatic heart muscle which normally requires external stimulation
to produce action potentials and contract will do both spontaneously, at high-frequency,
and in the absence of a triggering depolarizing stimulus if these quiescent muscles are ex‐

Figure 8. 2APB Activation of 10Hz Atypical Automaticity in Superfused Rat Left Atria.Left. Upper: The mechanical
function of an unpaced rat right atrium superfused at 37°C. Spontaneous sinoatrial node-driven normal automaticity
occurs at —6Hz in this muscle. Middle: An unpaced rat left atrial appendage superfused with 300nM Bayk at 37°C.
This left atrium and all others do not contract under this condition. Bottom. An unpaced rat left atrium superfused
with 300nM BayK and 20μM 2APB. This muscle produces spontaneous mechanical activity at 10Hz. Right. Summary of
groups of unpaced right atria (Δ; n=7) superfused at 23, 30, and 37°C and unpaced left atria superfused with BayK
and 20μM 2APB (∎; n=9) at 23, 30, and 37°C. Left atria treated with BayK and 2APB perfused at 37°C spontaneously
contract at rates of 543±13 contractions/minute.
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dysregulated activation of this overall pathway [57-61]. The interpretation of this data fo‐
cused on calcium release through the IP3R and showed that pharmacological blockade or
genetic ablation of this protein suppresses ectopic electromechanical activity. However, (a)
Gαq stimulation, (b) voltage-independent calcium release from the IP3Rs, and (c) Orai-
linked SOCC calcium entry are interrelated events [64,98]. Thus exuberant arrhythmogenic
Gαq stimulation [96] or IP3R calcium release [91,92] will activate Orai-linked calcium entry
(Figure 7). Previous experiments did not fully address whether the first two of these volt‐
age-independent events or the third one, Orai-linked calcium entry, might drive arrhythmic
activity. Thus we wished to test whether increased Orai channel opening might be an unrec‐
ognized arrhythmic principle (Figure 7). This requires a means to activate the Orais.

Putney reported [100] that 2-aminoethoxydiphenyl borate (2APB) activates calcium entry in
non-excitable cells apparently by a store-operated mechanism. Subsequent work [101-102]
conclusively demonstrated that 2APB pharmacologically opens Orai1 with an EC50 of 20μM
and Orai3 with an EC50 of 13μM. 2APB also alters the ion conduction properties of these
channels to enhance sodium transport. We took advantage of this Orai channel opener to in‐
terrogate in a crude manner whether activating voltage-independent calcium channels
might underlie a focal mechanism for arrhythmia.

We found that 2APB provokes a novel type of arrhythmic activity [103-106] which appears
to satisfy the demands of the focal source hypothesis of Engelmann and Scherf. In particular,
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intact, superfused normal rat left atria and rat left ventricular papillary muscles begin to
spontaneously contact when they are challenged with 2APB at concentrations greater than
10μM. This ectopic activity takes several minutes to arise following muscle exposure to
2APB but once initiated it occurs persistently until this borinate is removed from the super‐
fusate. Increasing muscle calcium by several disparate means including slow channel activa‐
tion and ouabain markedly increases the rate of this ectopic activity [104 see Table I]. Under
well-defined conditions isolated left atria and left ventricular papillaries can produce persis‐
tent ectopic activity at rates of at least 10 to 12 Hz at 37°C (Figure 8). These rates are similar
to those reported for arrhythmic drivers of clinical and experimental arrhythmia [107]. Reen‐
trant mechanisms are usually invoked to explain such drivers but cell-based focal means
may also exist to provoke persistent high frequency ectopy. The disruption of heart muscle
electromechanical stability by 2APB is not self-sustaining as this high frequency ectopy
stops immediately after the removal of this molecule from the superfusate. One implication
from this reversible destabilization is that a cell-based voltage-independent mechanism for
arrhythmia would produce electrical instability only as long as it remains stimulated. Parox‐
ysmal or persistent arrhythmia thus might result if the pathological disturbance of voltage-
independent calcium homeostasis were ephemeral or unrelenting in nature regardless of the
presence or absence of arrhythmogenic ‘substrate.’ Hirose’s work and our data in fibrillating
hearts discussed in a following section substantiate this speculation.

2APB induces a unique atypical automaticity in non-automatic heart muscle. Specifically,
2APB provokes high frequency ectopic action potentials and muscle contraction even when
added to the superfusate of quiescent left atria or left ventricular papillary muscles [105 see
Figure 3]. That is, non-automatic heart muscle which normally requires external stimulation
to produce action potentials and contract will do both spontaneously, at high-frequency,
and in the absence of a triggering depolarizing stimulus if these quiescent muscles are ex‐

Figure 8. 2APB Activation of 10Hz Atypical Automaticity in Superfused Rat Left Atria.Left. Upper: The mechanical
function of an unpaced rat right atrium superfused at 37°C. Spontaneous sinoatrial node-driven normal automaticity
occurs at —6Hz in this muscle. Middle: An unpaced rat left atrial appendage superfused with 300nM Bayk at 37°C.
This left atrium and all others do not contract under this condition. Bottom. An unpaced rat left atrium superfused
with 300nM BayK and 20μM 2APB. This muscle produces spontaneous mechanical activity at 10Hz. Right. Summary of
groups of unpaced right atria (Δ; n=7) superfused at 23, 30, and 37°C and unpaced left atria superfused with BayK
and 20μM 2APB (∎; n=9) at 23, 30, and 37°C. Left atria treated with BayK and 2APB perfused at 37°C spontaneously
contract at rates of 543±13 contractions/minute.
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posed to 2APB. The action potentials produced by these spontaneously contracting muscles
are identical to those produced by electrically paced untreated muscles [105 see Figure 2 &
Table I]. That is, exposing non-automatic normal left atria and papillary muscles to >10μM
2APB causes them to produce spontaneous normal action potentials and muscle contrac‐
tions at extremely high frequency in the absence of an external electrical stimulus. Under all
other conditions, these muscles require an external electrical stimulus to generate an action
potential and contract (Figure 8 Left; middle panel). These ectopic action potentials also occur
from normal resting potentials and have no visible Phase 4-type depolarization. These crite‐
ria rule that 2APB induces neither a triggered activity nor typical abnormal automaticity as
defined earlier. Heart muscle thus may contain a cryptic pathway whose activation trans‐
forms non-automatic tissue to a fully automatic state.

Several pharmacological studies assessed whether 2APB provokes atypical automaticity
through the activation of Orai channels. SKF-96365, an inhibitor of calcium entry via the
TRP and the Orai channels, completely prevents or reverses 2APB-linked atypical automa‐
ticity [105 see Figure 3 & 5]. Importantly, if paced left atria or papillary muscles are exposed
to 2APB, they produce electromechanical activity independently of the pacing stimulus.
That is, they produce both paced and ‘spontaneous’ electromechanical events. SKF-96365
added to the superfusate stops only the spontaneous ectopy which occurs independently of
pacing. These isolated muscles then follow the pacing stimulus faithfully, requiring external
pacing to contract or produce action potentials [105 see e.g. Figure 5]. ML-7, a congener of a
second inhibitor of Orai-linked calcium entry [108], also suppresses this high frequency
atypical automaticity as do two calmodulin inhibitors [105 see Figure 6]. These data suggest
that the Orai channels and cell calcium signaling participate in converting non-automatic
muscles to an automatic state. These atrial and papillary muscles weighed 3 to 5mg wet-
weight. Thus they were unlikely to support reentry based on the criteria of Garrey and Moe.
The high frequency automaticity they produced following the presumed activation of the
Orai channels could, however, form focal sites of paroxysmal or permanent electrical insta‐
bility in intact heart muscle.

Some current hypotheses for focal arrhythmia require high levels of SR calcium (SR calcium
load) to drive afterdepolarization or more complex arrhythmia [40, 41,55]. In support of this
view, increased muscle calcium has long been known to favor arrhythmogenesis. However,
SR calcium load decreases in heart failure, a condition that also exhibits high rates of ar‐
rhythmia. Thus muscle calcium load appears to not always associate with ectopic activity.
Despite this paradoxical complication, a great deal of exquisite experimental expertise has
defined SR calcium leak rates in relation to SR calcium load with an eye toward explaining
arrhythmogenic activity in failing heart [109]. Rates of 2APB atypical automaticity increase
with increases in muscle calcium, so we wished to test whether SR calcium stores were, in
fact, critical to the persistence of atypical automaticity. Left atria were challenged with BayK
8644 to increase their calcium content and then with 2APB to provoke high frequency atypi‐
cal automaticity. These unpaced muscles produced persistent action potentials and contrac‐
tions at a very fast rate (Figures 9A & 9B). Treating these muscles with 800nM ryanodine
greatly reduces their force of contraction, evidence for ryanodine receptor opening and near
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complete SR calcium store depletion (Figure 9C). Interestingly, these muscles continue to
produce spontaneous action potentials at a high rate (Figure 9D) with no discernible differ‐
ence in their characteristics compared to action potentials produced in ‘calcium loaded’
muscles (cp. Figures 9B & 9D). Treating these spontaneously contracting muscles with
SKF-96365 abolished any residual automatic contractions (Figure 9E), and these muscle now
required pacing to produce action potentials (Figure 9F, cp. Rest with 3Hz pacing).

Figure 9. Ryanodine Depletion of Left Atrial SR Calcium Does Not Affect 2APB Atypical Automaticity. (A) Me‐
chanical function of an unpaced left atrium treated with 300nM BayK 8644 (BayK) and 22μM 2APB (2APB). Atypical
mechanical automaticity is observed. (B) Action potentials from an unpaced left atrium treated as in (A). Spontaneous,
automatic action potentials are recorded. (C) Mechanical function of a left atrium treated as in (A), ∼8min after expo‐
sure to 800nM ryanodine (Ryanodine). Ryanodine depresses mechanical function by opening the ryanodine channel
which leaks SR calcium (N.B. force scales on right of (A) & (C)). Automatic mechanical activity persists but at low levels.
(D) Electrical activity of a left atrium treated as in (C). Spontaneous electrical activity continues unabated. (E) Mechani‐
cal function of an atrium treated as in (C) followed by SKF-96365 (SKF-96365: 50μM). SKF-96365 blocks spontaneous
mechanical activity. (F) Electrical activity of a left atrium treated as in (E) in the absence (Rest) or presence (3Hz) of 3Hz
pacing. No action potentials are recorded in the presence of SKF-96365; it blocks spontaneous ectopy. Pacing is re‐
quired to generate action potentials (3Hz).

We then compared how an alternate calcium efflux enhancer, caffeine affected the rate of
atypical automaticity. In these experiments left atria were not ‘loaded’ with calcium before
they were exposed to 2APB; loading was avoided to assess how the disruption of normal
calcium stores affected automaticity.
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posed to 2APB. The action potentials produced by these spontaneously contracting muscles
are identical to those produced by electrically paced untreated muscles [105 see Figure 2 &
Table I]. That is, exposing non-automatic normal left atria and papillary muscles to >10μM
2APB causes them to produce spontaneous normal action potentials and muscle contrac‐
tions at extremely high frequency in the absence of an external electrical stimulus. Under all
other conditions, these muscles require an external electrical stimulus to generate an action
potential and contract (Figure 8 Left; middle panel). These ectopic action potentials also occur
from normal resting potentials and have no visible Phase 4-type depolarization. These crite‐
ria rule that 2APB induces neither a triggered activity nor typical abnormal automaticity as
defined earlier. Heart muscle thus may contain a cryptic pathway whose activation trans‐
forms non-automatic tissue to a fully automatic state.

Several pharmacological studies assessed whether 2APB provokes atypical automaticity
through the activation of Orai channels. SKF-96365, an inhibitor of calcium entry via the
TRP and the Orai channels, completely prevents or reverses 2APB-linked atypical automa‐
ticity [105 see Figure 3 & 5]. Importantly, if paced left atria or papillary muscles are exposed
to 2APB, they produce electromechanical activity independently of the pacing stimulus.
That is, they produce both paced and ‘spontaneous’ electromechanical events. SKF-96365
added to the superfusate stops only the spontaneous ectopy which occurs independently of
pacing. These isolated muscles then follow the pacing stimulus faithfully, requiring external
pacing to contract or produce action potentials [105 see e.g. Figure 5]. ML-7, a congener of a
second inhibitor of Orai-linked calcium entry [108], also suppresses this high frequency
atypical automaticity as do two calmodulin inhibitors [105 see Figure 6]. These data suggest
that the Orai channels and cell calcium signaling participate in converting non-automatic
muscles to an automatic state. These atrial and papillary muscles weighed 3 to 5mg wet-
weight. Thus they were unlikely to support reentry based on the criteria of Garrey and Moe.
The high frequency automaticity they produced following the presumed activation of the
Orai channels could, however, form focal sites of paroxysmal or permanent electrical insta‐
bility in intact heart muscle.

Some current hypotheses for focal arrhythmia require high levels of SR calcium (SR calcium
load) to drive afterdepolarization or more complex arrhythmia [40, 41,55]. In support of this
view, increased muscle calcium has long been known to favor arrhythmogenesis. However,
SR calcium load decreases in heart failure, a condition that also exhibits high rates of ar‐
rhythmia. Thus muscle calcium load appears to not always associate with ectopic activity.
Despite this paradoxical complication, a great deal of exquisite experimental expertise has
defined SR calcium leak rates in relation to SR calcium load with an eye toward explaining
arrhythmogenic activity in failing heart [109]. Rates of 2APB atypical automaticity increase
with increases in muscle calcium, so we wished to test whether SR calcium stores were, in
fact, critical to the persistence of atypical automaticity. Left atria were challenged with BayK
8644 to increase their calcium content and then with 2APB to provoke high frequency atypi‐
cal automaticity. These unpaced muscles produced persistent action potentials and contrac‐
tions at a very fast rate (Figures 9A & 9B). Treating these muscles with 800nM ryanodine
greatly reduces their force of contraction, evidence for ryanodine receptor opening and near
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complete SR calcium store depletion (Figure 9C). Interestingly, these muscles continue to
produce spontaneous action potentials at a high rate (Figure 9D) with no discernible differ‐
ence in their characteristics compared to action potentials produced in ‘calcium loaded’
muscles (cp. Figures 9B & 9D). Treating these spontaneously contracting muscles with
SKF-96365 abolished any residual automatic contractions (Figure 9E), and these muscle now
required pacing to produce action potentials (Figure 9F, cp. Rest with 3Hz pacing).

Figure 9. Ryanodine Depletion of Left Atrial SR Calcium Does Not Affect 2APB Atypical Automaticity. (A) Me‐
chanical function of an unpaced left atrium treated with 300nM BayK 8644 (BayK) and 22μM 2APB (2APB). Atypical
mechanical automaticity is observed. (B) Action potentials from an unpaced left atrium treated as in (A). Spontaneous,
automatic action potentials are recorded. (C) Mechanical function of a left atrium treated as in (A), ∼8min after expo‐
sure to 800nM ryanodine (Ryanodine). Ryanodine depresses mechanical function by opening the ryanodine channel
which leaks SR calcium (N.B. force scales on right of (A) & (C)). Automatic mechanical activity persists but at low levels.
(D) Electrical activity of a left atrium treated as in (C). Spontaneous electrical activity continues unabated. (E) Mechani‐
cal function of an atrium treated as in (C) followed by SKF-96365 (SKF-96365: 50μM). SKF-96365 blocks spontaneous
mechanical activity. (F) Electrical activity of a left atrium treated as in (E) in the absence (Rest) or presence (3Hz) of 3Hz
pacing. No action potentials are recorded in the presence of SKF-96365; it blocks spontaneous ectopy. Pacing is re‐
quired to generate action potentials (3Hz).

We then compared how an alternate calcium efflux enhancer, caffeine affected the rate of
atypical automaticity. In these experiments left atria were not ‘loaded’ with calcium before
they were exposed to 2APB; loading was avoided to assess how the disruption of normal
calcium stores affected automaticity.
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Impressively, 10mM caffeine markedly increased the rate of left atrial spontaneous contrac‐
tion from 106±25 to 362±38 contractions per minute (Figure 10). This significant increase in
the rate of atypical automaticity was transient as after 3 to 5 minutes of exposure to these
conditions the rates of automaticity decrease to 10±7 per minute. Normal paced mechanical
function remained intact albeit at lower forces of contraction because of caffeine treatment
(Data not shown).

This notable result leads to four interesting speculations. First, the rates of atypical automa‐
ticity measured in caffeine-treated muscles at 30°C are about 50% faster than those meas‐
ured for ‘calcium loaded’ atria at the same temperature [104-105]. Thus calcium loading
does not produce the most rapid rates of automaticity, caffeine a calcium efflux agent does.
Second, the rate of atypical automaticity does not greatly slow with the depletion of ryano‐
dine-sensitive SR calcium. Thus a distinction must exist between ryanodine and caffeine in
their interaction with the source of atypical automaticity. Third, if the rate of automatic ac‐
tivity observed with caffeine treatment exhibits identical Q10s as our earlier data (Figure 8),
then this type of atypical automaticity might reach rates of ~15Hz at 37°C. Fourth, ryanodine
calcium stores do not appear to greatly influence atypical automaticity indicating that this
form of ectopic activity may occur readily at low and at high muscle calcium loads.

5s

106 ± 25 362 ± 38
spontaneous contractions/min            

10mM caffeine

Figure 10. Caffeine Transiently Accelerates the Rate of Atypical Automaticity. Rat left atria (n=6) were exposed to
30μM 2APB in the absence of calcium loading agent. These muscles spontaneously contracted sporadically at a rate
shown at the left of the figure. Muscles then were rapidly exposed to superfusate containing 30μM 2APB and 10mM
caffeine. This treatment greatly increased the rate of atypical automatic activity to over 350 contractions per minute.
After 3-5 minutes under these conditions, the rate of automaticity decreased to 10 contractions per minute.

The literature contains one possible explanation for the difference between the ryanodine and
the caffeine responses observed in automatically contracting left atria. Corda noted that while
ryanodine affects calcium leak from internal stores it does not activate a voltage-independent
store-operated response [110]. By contrast, caffeine does. That is, in their experimental system,
exposing  cultured  cells  to  caffeine  provoked  a  prominent  entry  of  calcium presumably
through the Orai-linked store-operated channel. This result supports a contention that volt‐
age-independent calcium entry and downstream signaling are the source for atypical automa‐
ticity (Figure 11). Many more experiments are needed to establish this possibility.
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Thus heart may possess two ways to produce action potentials that provoke contraction.
First is the well-known and long-studied pathway whereby an external input derived either
from the sinoatrial node or from a pacing stimulus causes myocyte depolarization. Second,
an activator of the voltage-independent Orai channels appears to uncover a pathway whose
activation allows non-automatic muscles to produce normal action potentials and muscle
contraction independent of an external stimulus. This atypical automaticity can occur spor‐
adically or at high frequency depending on the calcium loading of isolated muscles.

All of these experiments were performed in intact superfused muscles. Consequently, we
harbored concern that conditions like hypoxia might influence our results. To address this
point rat hearts were perfused in the Langendorff mode to test how 2APB affects well-oxy‐
genated muscle. These perfusions also assessed (a) whether high frequency 2APB-induced
automaticity requires muscle calcium loading and (b) how 2APB affects hearts with an intact
conduction system in sinus rhythm. The first point arises because the isolation of atria or
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Figure 11. Interpretation of Ryanodine-Caffeine Effects on Atypical Automaticity.Left. Both ryanodine and caf‐
feine deplete SR calcium stores. Right. Caffeine accelerates store-operated calcium entry in some experimental set‐
tings [110]. We suggest this latter effect of caffeine enhances the rates of automaticity (Figure 10).
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then this type of atypical automaticity might reach rates of ~15Hz at 37°C. Fourth, ryanodine
calcium stores do not appear to greatly influence atypical automaticity indicating that this
form of ectopic activity may occur readily at low and at high muscle calcium loads.
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After 3-5 minutes under these conditions, the rate of automaticity decreased to 10 contractions per minute.

The literature contains one possible explanation for the difference between the ryanodine and
the caffeine responses observed in automatically contracting left atria. Corda noted that while
ryanodine affects calcium leak from internal stores it does not activate a voltage-independent
store-operated response [110]. By contrast, caffeine does. That is, in their experimental system,
exposing  cultured  cells  to  caffeine  provoked  a  prominent  entry  of  calcium presumably
through the Orai-linked store-operated channel. This result supports a contention that volt‐
age-independent calcium entry and downstream signaling are the source for atypical automa‐
ticity (Figure 11). Many more experiments are needed to establish this possibility.
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an activator of the voltage-independent Orai channels appears to uncover a pathway whose
activation allows non-automatic muscles to produce normal action potentials and muscle
contraction independent of an external stimulus. This atypical automaticity can occur spor‐
adically or at high frequency depending on the calcium loading of isolated muscles.

All of these experiments were performed in intact superfused muscles. Consequently, we
harbored concern that conditions like hypoxia might influence our results. To address this
point rat hearts were perfused in the Langendorff mode to test how 2APB affects well-oxy‐
genated muscle. These perfusions also assessed (a) whether high frequency 2APB-induced
automaticity requires muscle calcium loading and (b) how 2APB affects hearts with an intact
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papillary muscles might unload unique cell calcium pools that are critical for instigating
atypical automaticity. Hence the effect of the calcium loading of isolated muscles to increase
the rate of 2APB automaticity [104] might be mistaken to reflect loading of the SR pool in‐
volved in contraction rather than the concurrent loading of a pool central to atypical auto‐
maticity. The second point addresses questions by Boyden and ter Keurs [88].

Perfused hearts yield several important and impressive results. First, the perfusion of hearts
with 5μM 2APB generates spontaneous, sporadic electrical activity from multiple sites, a
conclusion based on the morphology of these ectopic depolarizations [106 see Figure 2]. In‐
creasing the perfusate 2APB concentration produces striking changes in the electromechani‐
cal activity of these hearts [ http://www.dom.uab.edu/pwolkowicz/IPH_Fibrillation2-
APB.mov ]. After a few minutes of perfusion with 22μM 2APB hearts begin to produce
spontaneous but broad QRS complexes and contract at rates that increase from sinus rhythm
(~5Hz) to upwards of 12Hz [106 see Figures 3 & 4]. Heart mechanical function briefly follows
this ectopic electrical activity but electro-mechanical dissociation occurs as ectopic electrical
activity continues to steadily increase in rate to apparent values of ~20Hz. These hearts lose
the ability to generate organized mechanical activity which may reflect a form of fibrillatory
conduction originating from high frequency focal sources [25,111]. A brief but impressive in‐
crease in diastolic pressure from 5mm to ~60mmHg accompanies electromechanical dissoci‐
ation. A minute or so later fibrillating hearts reach and then maintain a resting tension of
30mmHg [106 see Figures 3 & 4]. Coronary flow remains normal during fibrillation and per‐
sistent contracture lessening the possibility that ischemia occurs in these preparations.

The Orai and TRP channel inhibitor SKF-96365 reverses this ventricular fibrillation in an in‐
triguing way [106 see Figure 5] [ http://www.dom.uab.edu/pwolkowicz/IPH_SKF-96365-Re‐
versal.mov ]. After a few minutes of perfusion with 2APB and 20μM SKF-96365, the
electrical disorganization recorded by our bipolar electrodes begins to resolve. The resolu‐
tion of electrical fibrillation occurs quickly over about one second but at first it is only a tran‐
sient event as electrical instability reappears immediately after this initial flash of stability.
As the time of perfusion with SKF-96365 increases, periods of stable electrical activity get
longer until sinus rhythm is restored. In all cases, the temporal interface between fibrillation
and electrical quiescence produce a rapid decrease in resting tension from 30mmm to about
8mmHg, mechanical quiescence, and then normal, potentiated mechanical contractions [106
see Figure 5]. This very rapid restoration of normal diastolic pressure and electro-mechanical
quiescence most likely are not caused by a decrease in bulk cytosolic calcium throughout the
heart. We suspect this change likely reflects the interdiction by SKF-96365 of signaling
events initiated by 2APB. Note that 2APB remains in the perfusate throughout these experi‐
ments. These electrical results remarkably mimic those reported by Hirose for Gαq overex‐
pressing mice [96]. Together these data indicate that SKF-96365 suppresses fibrillation
caused by genetic enhancement of the initiation site for voltage-independent calcium signal‐
ing [96], the Gαq receptor, and by perfusion with a pharmacological activator of Orai chan‐
nel calcium entry, which might occur in Gαq transgenic mice for reasons stated earlier. The
concentrations of 2APB used in our work inhibit both the IP3Rs and many of the relevant
TRPC channels. Thus the voltage-independent Orai channels, either Orai1 or Orai3, appear
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as a likely source of arrhythmia. If the model for the functional inter-relationship of voltage-
independent calcium channels and calcium pools proposed by Shuttleworth [64], Lewis [98]
and others is correct, then (a) inputs which excessively stimulate the Orai channels or (b) a
yet-to-be-identified cell signaling system which mirrors the action of 2APB on the Orai chan‐
nels might create focal sources of high frequency atypical automaticity in muscle as small or
smaller than 3mg wet-weight. The duration of this automaticity would depend on the pres‐
ence of input signals that stimulate voltage-independent calcium entry.
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Figure 12: Bcl2 Antagonists Block 2APB Atypical Automaticity. Rat
left atria (n=5 per group) were superfused and paced [105]. Atria were left
untreated (▪) or were pre-incubated with 80μM methoxy-antimycin A3 (●)
80 μM HA-14-1 (◊), 30 μM EGCG (○), or 30 μM gossypol (x). Increasing
concentrations of 2APB were added to the superfusate for 3min at each
concentration. The pacing stimulus then was stopped and the rate of
spontaneous atrial contraction was recorded. All four bcl2 antagonists
suppressed 2APB automaticity.

Figure 12. BcI2 Antagonists Block 2APB Atypical Automaticity. Rat left atria (n=5 per group) were superfused and
paced [105]. Atria were left untreated (▪) or were pre-incubated with 80μM methoxy-antimycin A3 (∙) 80 μM HA-14-1
(◊), 30 μM EGCG (o), or 30 μM gossypol (x). Increasing concentrations of 2APB were added to the superfusate for 3min
at each concentration. The pacing stimulus then was stopped and the rate of spontaneous atrial contraction was re‐
corded. All four bcI2 antagonists suppressed 2APB automaticity.

If voltage-independent calcium entry via the Orai channels initiates atrial and ventricular
electrical instability in vivo, then this putative fourth mechanism would offer (a) a dynamic
means to explain arrhythmia and (b) a mechanism which extends the three current hypothe‐
ses to explain these disorders. Dynamism arises because a multitude of physiological and
pathophysiological inputs directly stimulate or indirectly activate the Orai channels
[64,75,98]. The apparent arrhythmogenicity of calcium entry via the Orai channels may ex‐
tend the ‘calcium leak’ hypothesis for arrhythmia (Figure 5). Specifically, certain types of SR
calcium leak may favor the compensatory activation of voltage-independent calcium entry
[112]. Thus coupling SR calcium leak and voltage-independent calcium entry may increase
the depolarizing influence which calcium leak exerts on compromised myocytes. This could
contribute to the increased propensity for arrhythmia observed in ‘leaky’ failing hearts.
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APB.mov ]. After a few minutes of perfusion with 22μM 2APB hearts begin to produce
spontaneous but broad QRS complexes and contract at rates that increase from sinus rhythm
(~5Hz) to upwards of 12Hz [106 see Figures 3 & 4]. Heart mechanical function briefly follows
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activity continues to steadily increase in rate to apparent values of ~20Hz. These hearts lose
the ability to generate organized mechanical activity which may reflect a form of fibrillatory
conduction originating from high frequency focal sources [25,111]. A brief but impressive in‐
crease in diastolic pressure from 5mm to ~60mmHg accompanies electromechanical dissoci‐
ation. A minute or so later fibrillating hearts reach and then maintain a resting tension of
30mmHg [106 see Figures 3 & 4]. Coronary flow remains normal during fibrillation and per‐
sistent contracture lessening the possibility that ischemia occurs in these preparations.

The Orai and TRP channel inhibitor SKF-96365 reverses this ventricular fibrillation in an in‐
triguing way [106 see Figure 5] [ http://www.dom.uab.edu/pwolkowicz/IPH_SKF-96365-Re‐
versal.mov ]. After a few minutes of perfusion with 2APB and 20μM SKF-96365, the
electrical disorganization recorded by our bipolar electrodes begins to resolve. The resolu‐
tion of electrical fibrillation occurs quickly over about one second but at first it is only a tran‐
sient event as electrical instability reappears immediately after this initial flash of stability.
As the time of perfusion with SKF-96365 increases, periods of stable electrical activity get
longer until sinus rhythm is restored. In all cases, the temporal interface between fibrillation
and electrical quiescence produce a rapid decrease in resting tension from 30mmm to about
8mmHg, mechanical quiescence, and then normal, potentiated mechanical contractions [106
see Figure 5]. This very rapid restoration of normal diastolic pressure and electro-mechanical
quiescence most likely are not caused by a decrease in bulk cytosolic calcium throughout the
heart. We suspect this change likely reflects the interdiction by SKF-96365 of signaling
events initiated by 2APB. Note that 2APB remains in the perfusate throughout these experi‐
ments. These electrical results remarkably mimic those reported by Hirose for Gαq overex‐
pressing mice [96]. Together these data indicate that SKF-96365 suppresses fibrillation
caused by genetic enhancement of the initiation site for voltage-independent calcium signal‐
ing [96], the Gαq receptor, and by perfusion with a pharmacological activator of Orai chan‐
nel calcium entry, which might occur in Gαq transgenic mice for reasons stated earlier. The
concentrations of 2APB used in our work inhibit both the IP3Rs and many of the relevant
TRPC channels. Thus the voltage-independent Orai channels, either Orai1 or Orai3, appear
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and others is correct, then (a) inputs which excessively stimulate the Orai channels or (b) a
yet-to-be-identified cell signaling system which mirrors the action of 2APB on the Orai chan‐
nels might create focal sources of high frequency atypical automaticity in muscle as small or
smaller than 3mg wet-weight. The duration of this automaticity would depend on the pres‐
ence of input signals that stimulate voltage-independent calcium entry.
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paced [105]. Atria were left untreated (▪) or were pre-incubated with 80μM methoxy-antimycin A3 (∙) 80 μM HA-14-1
(◊), 30 μM EGCG (o), or 30 μM gossypol (x). Increasing concentrations of 2APB were added to the superfusate for 3min
at each concentration. The pacing stimulus then was stopped and the rate of spontaneous atrial contraction was re‐
corded. All four bcI2 antagonists suppressed 2APB automaticity.

If voltage-independent calcium entry via the Orai channels initiates atrial and ventricular
electrical instability in vivo, then this putative fourth mechanism would offer (a) a dynamic
means to explain arrhythmia and (b) a mechanism which extends the three current hypothe‐
ses to explain these disorders. Dynamism arises because a multitude of physiological and
pathophysiological inputs directly stimulate or indirectly activate the Orai channels
[64,75,98]. The apparent arrhythmogenicity of calcium entry via the Orai channels may ex‐
tend the ‘calcium leak’ hypothesis for arrhythmia (Figure 5). Specifically, certain types of SR
calcium leak may favor the compensatory activation of voltage-independent calcium entry
[112]. Thus coupling SR calcium leak and voltage-independent calcium entry may increase
the depolarizing influence which calcium leak exerts on compromised myocytes. This could
contribute to the increased propensity for arrhythmia observed in ‘leaky’ failing hearts.
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With respect to ‘abnormal’ automaticity, exuberant Orai channel activation might produce
automatic foci under conditions that do not require partial myocyte depolarization. Regard‐
ing reentry, if dysregulated Orai channels were in vivo sources of >10Hz atypical automatici‐
ty, then they could lead to ectopy at rates that promote atrial (and ventricular) fibrillatory
conduction which begins at 6Hz [111]. Finally, if this fourth mechanism of voltage-inde‐
pendent arrhythmogenesis were to hold in Purkinje cells, it might explain some types of idi‐
opathic ventricular fibrillation [113].

We are cognizant that the available data allow for only the barest of frameworks for the hy‐
pothesis that voltage-independent calcium entry and signaling are important sources of fo‐
cal arrhythmia. Undoubtedly multiple unexpected cellular signaling intermediates
participate in this pathway and they may provide new targets for anti-arrhythmics. For ex‐
ample, bcl-2 is a small protein that regulates the intrinsic pathway for apoptosis through its
interaction with mitochondria. By contrast, Distelhorst [114] has championed the concept
that bcl-2 binding to the IP3R suppresses calcium signals related to apoptosis while enhanc‐
ing signals related to cell survival. Sub-sets of bcl-2 bind to the endoplasmic reticulum and
the plasma membrane [115]. Thus bcl-2 might play a role in the atypical automaticity which
2APB induces. To test this possibility rat left atria were superfused and paced at 0.1Hz as
previously described [105]. Left atria (n=5 per group) were then left untreated or were pre-
treated with 80μM HA14-1 and methoxyantimycin A, two cell permeable inhibitors of bcl-2,
or with 30μM of two naturally occurring bcl-2 inhibitors EGCG and gossypol [116-119]. In‐
creasing concentrations of 2APB from 0 to 30μM were added to the superfusate and the rate
of spontaneous activity was recorded after three minute incubation at any concentration. All
four bcl-2 inhibitors significantly or completely prevented atypical automatic activity (Fig‐
ure 12). EGCG and gossypol were tested for their ability to reverse high frequency atypical
automaticity in left atria treated with BayK 8644 and 20μM 2APB. Both naturally occurring
bcl-2 inhibitors reversed this automatic activity but did not affect normal paced muscle con‐
traction (Figure 13). Thus bcl-2 may play a role in this type of ectopy but these provocative
data require significant follow-on experiments to more firmly establish this conclusion.

The evidence summarized in this review suggests the existence of a cell mechanism to gen‐
erate focal arrhythmia. Some limitations must be addressed to afford a more sound footing
for the concept that focal, cellular sources of arrhythmia arise from the activation of voltage-
independent calcium channels.

• How does the activation of voltage-independent calcium channels produce electrome‐
chanical instability in intact heart muscles (Figure 7, Calcium signal)? Does voltage-inde‐
pendent calcium entry per se, that is calcium acting as a charge carrier, activate this high
frequency ectopy? Or, do calcium signaling events specific to this type of channel lead
non-automatic heart muscle to become automatic? We favor the latter view. Supporting
this possibility calmodulin inhibitors suppress atypical automaticity in heart muscles
treated with 2APB [105]. By contrast CaMKII inhibitors do not [105]. Thus calmodulin tar‐
gets other than CaMKII may be involved in this automatic activity.

• What molecular entities lie between voltage-independent calcium signaling and automat‐
ic depolarization at rates of 10-12Hz? While a current view would favor calcium ions
themselves as the arrhythmogenic principle, we have preliminary data that will be pub‐
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lished under separate auspices which demonstrate that these signaling events profoundly
change the fundamental characteristics of heart voltage-dependent ion channels. We be‐
lieve these fundamental changes underlie the fourth mechanism for arrhythmia we pro‐
pose here.

• Can this voltage-independent mechanism provide a connection between afterdepolariza‐
tion and sustained triggered activity/high frequency atypical automaticity? To test this
possibility we investigated whether voltage-independent calcium channels also partici‐
pate in the triggered activity that occurs with increased late sodium current. We find that
atria treated with appropriate concentrations of sea anemone toxin type II [33] produce
triggered early afterdepolarization in a steady-state manner. Our preliminary data to be
published elsewhere show that (a) the ARC channel inhibitor LOE-908, (b) an antibody
that binds plasma membrane Stim1 which is required for ARC channel activity, (c) the
Orai inhibitor SKF-96365, (d) the CaMKII inhibitor KN-93, and (e) several inhibitors of the
calcium-dependent cytosolic phospholipase A2 all suppress late sodium current-induced
triggered activity. Importantly, we assessed whether SKF-96365 shortens action potential
duration in atria treated with sea anemone toxin. It does not. Also neither LOE-908 nor
KN-93 suppresses the high frequency automaticity which 2APB induces.

Thus related panels of voltage-independent calcium signaling inhibitors suppress early af‐
terdepolarization and/or 2APB automaticity. We propose that the calcium loading which oc‐
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Figure 13. Naturally Occurring bcl2 Antagonists Suppress 2APB Atypical Automaticity.Left. Rat let atrium was su‐
perfused, paced at 0.1Hz, and treated with 300nM BayK 8644 [105]. 2APB (22μM) was added where indicated (2APB).
After two to three minutes this atrium began to spontaneously contract at a high rate (dark area in center of trace).
The pacing stimulus then was stopped. (Rest). Atypical automatic activity persists unabated. EGCG (30μM) was added
where indicated (EGCG). Shortly thereafter, atypical automaticity ceased and this now unpaced muscle became quies‐
cent. The 0.1Hz pacing stimulus then was reinstated and the left atrium faithfully followed it (Right 0.1Hz). Right. Aver‐
age of exeriments like the one shown to the left where increasing concentrations of gossypol and EGCG were used to
staunch atypical automaticity. Gossypol induced a 50% reduction at 10μM while EGCG required 25μM.
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With respect to ‘abnormal’ automaticity, exuberant Orai channel activation might produce
automatic foci under conditions that do not require partial myocyte depolarization. Regard‐
ing reentry, if dysregulated Orai channels were in vivo sources of >10Hz atypical automatici‐
ty, then they could lead to ectopy at rates that promote atrial (and ventricular) fibrillatory
conduction which begins at 6Hz [111]. Finally, if this fourth mechanism of voltage-inde‐
pendent arrhythmogenesis were to hold in Purkinje cells, it might explain some types of idi‐
opathic ventricular fibrillation [113].

We are cognizant that the available data allow for only the barest of frameworks for the hy‐
pothesis that voltage-independent calcium entry and signaling are important sources of fo‐
cal arrhythmia. Undoubtedly multiple unexpected cellular signaling intermediates
participate in this pathway and they may provide new targets for anti-arrhythmics. For ex‐
ample, bcl-2 is a small protein that regulates the intrinsic pathway for apoptosis through its
interaction with mitochondria. By contrast, Distelhorst [114] has championed the concept
that bcl-2 binding to the IP3R suppresses calcium signals related to apoptosis while enhanc‐
ing signals related to cell survival. Sub-sets of bcl-2 bind to the endoplasmic reticulum and
the plasma membrane [115]. Thus bcl-2 might play a role in the atypical automaticity which
2APB induces. To test this possibility rat left atria were superfused and paced at 0.1Hz as
previously described [105]. Left atria (n=5 per group) were then left untreated or were pre-
treated with 80μM HA14-1 and methoxyantimycin A, two cell permeable inhibitors of bcl-2,
or with 30μM of two naturally occurring bcl-2 inhibitors EGCG and gossypol [116-119]. In‐
creasing concentrations of 2APB from 0 to 30μM were added to the superfusate and the rate
of spontaneous activity was recorded after three minute incubation at any concentration. All
four bcl-2 inhibitors significantly or completely prevented atypical automatic activity (Fig‐
ure 12). EGCG and gossypol were tested for their ability to reverse high frequency atypical
automaticity in left atria treated with BayK 8644 and 20μM 2APB. Both naturally occurring
bcl-2 inhibitors reversed this automatic activity but did not affect normal paced muscle con‐
traction (Figure 13). Thus bcl-2 may play a role in this type of ectopy but these provocative
data require significant follow-on experiments to more firmly establish this conclusion.

The evidence summarized in this review suggests the existence of a cell mechanism to gen‐
erate focal arrhythmia. Some limitations must be addressed to afford a more sound footing
for the concept that focal, cellular sources of arrhythmia arise from the activation of voltage-
independent calcium channels.

• How does the activation of voltage-independent calcium channels produce electrome‐
chanical instability in intact heart muscles (Figure 7, Calcium signal)? Does voltage-inde‐
pendent calcium entry per se, that is calcium acting as a charge carrier, activate this high
frequency ectopy? Or, do calcium signaling events specific to this type of channel lead
non-automatic heart muscle to become automatic? We favor the latter view. Supporting
this possibility calmodulin inhibitors suppress atypical automaticity in heart muscles
treated with 2APB [105]. By contrast CaMKII inhibitors do not [105]. Thus calmodulin tar‐
gets other than CaMKII may be involved in this automatic activity.

• What molecular entities lie between voltage-independent calcium signaling and automat‐
ic depolarization at rates of 10-12Hz? While a current view would favor calcium ions
themselves as the arrhythmogenic principle, we have preliminary data that will be pub‐
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lished under separate auspices which demonstrate that these signaling events profoundly
change the fundamental characteristics of heart voltage-dependent ion channels. We be‐
lieve these fundamental changes underlie the fourth mechanism for arrhythmia we pro‐
pose here.

• Can this voltage-independent mechanism provide a connection between afterdepolariza‐
tion and sustained triggered activity/high frequency atypical automaticity? To test this
possibility we investigated whether voltage-independent calcium channels also partici‐
pate in the triggered activity that occurs with increased late sodium current. We find that
atria treated with appropriate concentrations of sea anemone toxin type II [33] produce
triggered early afterdepolarization in a steady-state manner. Our preliminary data to be
published elsewhere show that (a) the ARC channel inhibitor LOE-908, (b) an antibody
that binds plasma membrane Stim1 which is required for ARC channel activity, (c) the
Orai inhibitor SKF-96365, (d) the CaMKII inhibitor KN-93, and (e) several inhibitors of the
calcium-dependent cytosolic phospholipase A2 all suppress late sodium current-induced
triggered activity. Importantly, we assessed whether SKF-96365 shortens action potential
duration in atria treated with sea anemone toxin. It does not. Also neither LOE-908 nor
KN-93 suppresses the high frequency automaticity which 2APB induces.

Thus related panels of voltage-independent calcium signaling inhibitors suppress early af‐
terdepolarization and/or 2APB automaticity. We propose that the calcium loading which oc‐
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Figure 13. Naturally Occurring bcl2 Antagonists Suppress 2APB Atypical Automaticity.Left. Rat let atrium was su‐
perfused, paced at 0.1Hz, and treated with 300nM BayK 8644 [105]. 2APB (22μM) was added where indicated (2APB).
After two to three minutes this atrium began to spontaneously contract at a high rate (dark area in center of trace).
The pacing stimulus then was stopped. (Rest). Atypical automatic activity persists unabated. EGCG (30μM) was added
where indicated (EGCG). Shortly thereafter, atypical automaticity ceased and this now unpaced muscle became quies‐
cent. The 0.1Hz pacing stimulus then was reinstated and the left atrium faithfully followed it (Right 0.1Hz). Right. Aver‐
age of exeriments like the one shown to the left where increasing concentrations of gossypol and EGCG were used to
staunch atypical automaticity. Gossypol induced a 50% reduction at 10μM while EGCG required 25μM.

Voltage-Independent Calcium Channels, Molecular Sources of Supraventricular Arrhythmia
http://dx.doi.org/10.5772/53649

111



curs with increased late sodium current stimulates cytosolic phospholipase A2 to produce
the arachidonate ligand for ARC (Figure 14). Calcium entry through the voltage-independ‐
ent ARC calcium channel may activate CaMKII which participates in provoking early after‐
depolarization. Conditions in which calcium stores begin to deplete would stimulate
voltage-independent calcium entry through Orai1 [64]. Greater store depletion resulting
from exuberant ARC channel activity would lead to fulminant voltage-independent calcium
entry through the Orai1 calcium channel [64] and possibly a ‘sustained triggered activity’
which resembles 2APB-linked automaticity.

Are there intracellular, naturally occurring activators of Orai1 or Orai3 that mimic 2APB? At
present none are known but such Orai-activators would link cell signaling with focal ar‐
rhythmogenesis. The interrelationship between ARC and store-operated voltage-independ‐
ent calcium entry [64] may be one such link.

The following four figures outline a putative mechanism through which voltage-independ‐
ent calcium signaling might induce afterdepolarization, sporadic and high-frequency atypi‐
cal automaticity.
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Figure 14: Model Linking Voltage-Independent ARC Channel and Late Sodium Current Early
Afterdepolarization. Left. Late sodium current loads myocytes first with sodium and then wit
calcium [33]. This loading activates cytosolic phospholipase A2 (cPLA2) to hydrolyze membrane
phospholipids and release free arachidonate. Right. This eicosanoid activates the Orai1/Orai
pentamer ARC channel which permits calcium entry into myocytes. This also disturbs intracellula
calcium stores [64]. CaMKII may participate in this pathway by phosphorylating cPLA2 o

Figure 14. Model linking voltage-independent ARC channel and late sodium current early afterdepolariza‐
tion.Left. Late sodium current loads myocytes first with sodium and then with calcium [33]. This loading activates cyto‐
solic phospholipase A2 (cPLA2) to hydrolyze membrane phospholipids and release free arachidonate. Right. This
eicosonoid activates the Orail/Orai3 pentamer ARC channel which permits calcium entry into myocytes. This also dis‐
turbs intracellular calcium stores [64]. CaMKII may participate in this pathway by phosphorylating cPLA2 or elsewhere.
Low level ARC activity leads to afterdepolarization. More intense ARC activity depletes myocyte calcium stores, opens
Orais and provokes high frequency sustained triggered activity. Both events require the co-opting of cardiac voltage-
dependent ion channels to produce spontaneous depolarization.
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Figure 15. A Putative Mechanism for Focal Ectopy.Left. In excitable cells, voltage-independent & voltage-depend‐
ent ion channels co-exist. Both sets of channels respond to common or distinct inputs to produce (a) calcium signals
for cell homeostasis and (b) action potentials. These two events are generally considered as separate and non-interact‐
ing entities [22,25,55,64,75,76]. Right. A wide range of systemic, myocyte, and local inputs may provoke the ‘inappro‐
priate’ interaction of these two systems. This results in voltage-independent signaling events co-opting myocyte
voltage-dependent ion channels. Myocytes transform from a non-automatic to an automatic state. This change can
occur for an inconstant time period and it is reversible. AA=arachidonate; LK=leukotrienes; PG=prostaglandins
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Figure 16. Potential Arrhythmogenic Mechanisms for Dysfunctional Orai Channels. Our data suggest dysfunc‐
tional Orais may be a source of focal arrhythmia. Left. These proteins normally are well-regulated by the Stim1 calcium
sensing system & faithfully fulfill their function of refilling cell calcium stores. Second from left. Dysregulated Orals will
enhance calcium transport which might activate a cryptic arrhychmogenic calcium signaling pathway. We favor this
view. Second from Right & Right. Dysregulated Oral calcium transport may generate a persistent inward current which
acts independent of changes in membrane potential associated with the action potential or Orai calcium entry may
couple with the sodium-calcium exchanger (NCX) to create a futile calcium cycle that drives myocyte depolarization.
Such a general type of mechanism is similar to that proposed by Huo to explain 2APB ectopy [120].
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pentamer ARC channel which permits calcium entry into myocytes. This also disturbs intracellula
calcium stores [64]. CaMKII may participate in this pathway by phosphorylating cPLA2 o

Figure 14. Model linking voltage-independent ARC channel and late sodium current early afterdepolariza‐
tion.Left. Late sodium current loads myocytes first with sodium and then with calcium [33]. This loading activates cyto‐
solic phospholipase A2 (cPLA2) to hydrolyze membrane phospholipids and release free arachidonate. Right. This
eicosonoid activates the Orail/Orai3 pentamer ARC channel which permits calcium entry into myocytes. This also dis‐
turbs intracellular calcium stores [64]. CaMKII may participate in this pathway by phosphorylating cPLA2 or elsewhere.
Low level ARC activity leads to afterdepolarization. More intense ARC activity depletes myocyte calcium stores, opens
Orais and provokes high frequency sustained triggered activity. Both events require the co-opting of cardiac voltage-
dependent ion channels to produce spontaneous depolarization.
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Figure 15. A Putative Mechanism for Focal Ectopy.Left. In excitable cells, voltage-independent & voltage-depend‐
ent ion channels co-exist. Both sets of channels respond to common or distinct inputs to produce (a) calcium signals
for cell homeostasis and (b) action potentials. These two events are generally considered as separate and non-interact‐
ing entities [22,25,55,64,75,76]. Right. A wide range of systemic, myocyte, and local inputs may provoke the ‘inappro‐
priate’ interaction of these two systems. This results in voltage-independent signaling events co-opting myocyte
voltage-dependent ion channels. Myocytes transform from a non-automatic to an automatic state. This change can
occur for an inconstant time period and it is reversible. AA=arachidonate; LK=leukotrienes; PG=prostaglandins
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Figure 16. Potential Arrhythmogenic Mechanisms for Dysfunctional Orai Channels. Our data suggest dysfunc‐
tional Orais may be a source of focal arrhythmia. Left. These proteins normally are well-regulated by the Stim1 calcium
sensing system & faithfully fulfill their function of refilling cell calcium stores. Second from left. Dysregulated Orals will
enhance calcium transport which might activate a cryptic arrhychmogenic calcium signaling pathway. We favor this
view. Second from Right & Right. Dysregulated Oral calcium transport may generate a persistent inward current which
acts independent of changes in membrane potential associated with the action potential or Orai calcium entry may
couple with the sodium-calcium exchanger (NCX) to create a futile calcium cycle that drives myocyte depolarization.
Such a general type of mechanism is similar to that proposed by Huo to explain 2APB ectopy [120].
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10. Conclusions

Atrial (and ventricular) arrhythmias are disturbances in electrical activity that disrupt the
regular, rhythmic contraction of the upper (or lower) heart chambers. These electrical insta‐
bilities arise from normal or dysfunctional heart muscle, from the heart specialized conduc‐
tion system or from the ‘muscular sleeves’ of major supraventricular vessels. Because
arrhythmia is recorded as abnormal electrical activity and since experimental faradic stimu‐
lation can initiate arrhythmia, it is viewed as having a purely electrical origin. Indeed the
dominant explanations for arrhythmia hypothesize it originates from (a) changes in the elec‐
trical properties of heart muscle that alter electrical impulse conduction, (b) changes in the
properties of the voltage-dependent ion channels responsible for normal electrical activity
which alter impulse conduction, (c) changes in the myocytic milieu that permit normal volt‐
age-dependent ion channels to spontaneously generate electrical impulses or (d) changes in
myocyte calcium homeostasis that alter heart resting membrane potential or otherwise indi‐
rectly enhance muscle excitability.

During the past fifty years, however, it has become clear that all cells contain a staggering
array of interrelated signaling pathways and processes which regulate normal and ‘abnor‐
mal’ cell functions. Like all other cells, heart cells, too, express voltage-independent calcium
signaling pathways which underlie cardiac processes like inotropy and diseases like hyper‐
trophy or atherosclerosis. The three earlier hypotheses for arrhythmia noted above ignore
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the importance of voltage-independent cell signaling in heart ectopy. That is, they assume
that voltage-independent cell signaling does not influence cardiac voltage-dependent ion
channels or affect arrhythmia. One corollary of this dominant electrocentric view of arrhyth‐
mia is that the fundamental biophysical properties of voltage-dependent ion channels meas‐
ured in normal muscle are the only properties these proteins can evince, that these ion
channels are essentially immutable activities. However, clinical and experimental data sug‐
gest that one or more signaling events greatly influence the electrical properties of heart
muscle and somehow increase its ability to generate ectopic electrical impulses.

Our data demonstrate that a recognized activator of the voltage-independent Orai calcium
channels provokes persistent or paroxysmal tachycardia at rates of up to 12Hz in non-auto‐
matic rat left atrial or left ventricular papillary muscles. This activator also induces a reversi‐
ble type of fibrillation in intact perfused rat hearts. These data lead to the hypothesis
outlined here that calcium entry through voltage-independent ion channels, specifically
through the Orai channels, and/or calcium signaling events downstream of these channels
elicit ectopic electrical activity in atrial (and ventricular) muscle. This hypothesis implies that
a wide range of extracellular and intracellular signals may disrupt heart muscle electrical
stability through their actions on voltage-independent calcium homeostasis that enhance
voltage-independent calcium channel activity. This hypothesis provides a framework for fu‐
ture experimental tests of whether voltage-independent calcium signaling related to auto‐
nomic activity, to stress or to calcium store filling state are key molecular sources for
arrhythmia. Importantly, our data to be published elsewhere indicate that dysregulated
voltage-independent calcium signaling alter the fundamental characteristics of voltage-de‐
pendent ion channels, transforming them from non-automatic activities that require an ex‐
ternal depolarizing influence to automatic activities that spontaneously depolarize heart
muscle. If rigorously validated, this fourth putative arrhythmogenic mechanism would sat‐
isfy the ‘focal source’ hypothesis for arrhythmia.
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1. Introduction

Atrial fibrillation is the most common sustained cardiac arrhythmia, which is associated
with a high risk of stroke and thromboembolism. Increasing evidence suggests that the
thrombogenic tendency in atrial fibrillation is related to several underlying pathophysiologi‐
cal mechanisms. Virchow’s triad, a time-honored paradigm that offers mechanistic insights
for thrombus initiation and development regardless of origin, does indeed apply to atrial fi‐
brillation thrombogenesis [1,2].

2. Mechanisms of thrombogenesis in atrial fibrillation

More than 150 years ago, Rudolf Virchow proposed a triad of events needed for thrombus
formation ie, abnormal changes of the vessel wall, blood flow, and blood constituents [2]. In
the 21st century, we now recognize Virchow’s triad as: endothelial or endocardial damage
or dysfunction (and related structural abnormal changes); abnormal blood stasis; and abnor‐
mal haemostasis, platelets, and fibrinolysis (Figure 1). Extensive abnormal changes of these
variables are clearly evident in atrial fibrillation. Thus, atrial fibrillation could in fact drive a
prothrombotic or hypercoagulable state, by virtue of its fulfillment of Virchow’s triad for
thrombogenesis [3].

Abnormal changes shown in the vessel wall (eg, atrial tissue changes, endothelial damage
and dysfunction), in fl ow (stasis—eg, in the left atrial appendage), and in blood constituents
(eg, haemoconcentration, platelets, coagulation cascade activation, infl ammation); all fac‐
tors contribute to propensity for thrombus formation (thrombogenesis) in atrial fi brillation.
vWf=von Willebrand factor.

© 2013 GalalAzzam; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Components of Virchow’s triad for thrombogenesis in atrial fibrillation [4](with permission)

2.1. Anatomical and structural considerations:

Attached to each atria is a blind-ended passage known as an appendage. The left atrial ap‐
pendage (LAA) is long with a narrow inlet, thereby predisposing to blood stasis. Thus, the
LAA is the most common site of intra-atrial thrombus formation, not only in atrial fibrilla‐
tion, but also in patients with sinus rhythm [5,6].

Changes in the dimensions of the left atrium and LAA occur as a consequence of atrial fibril‐
lation, with some correlation to subsequent thromboembolism. Detailed descriptions of en‐
dothelial damage in the context of atrial fibrillation are well described and can be visualised
by scanning electron microscopy, especially within the appendages. Goldsmith and collea‐
gues [7] have reported more severe endocardial changes in the LAA than in the right-atrial
appendages, especially in atrial fibrillation (compared with sinus rhythm) and in mitral
stenosis (compared with mitral regurgitation). Similarly, Masawa and co-workers [8] have
described a “rough endocardium” with a wrinkled appearance attributable to oedema and
fibrinous transformation; small areas of endothelial denudation and thrombotic aggregation
have also been noted in patients with atrial fibrillation and cerebral embolism.
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Extracellular matrix turnover is a dynamic structure, which continually undergoes a process
of structural remodeling [9]. Structural remodelling of the atria could contribute to the hy‐
percoagulable state, by virtue of both enhanced blood stasis and an abnormal endocardium.
Structural remodeling of the left atrial appendage to include the pectinate muscles and mul‐
tiple lobes of the lumen occurs in patients with permanent atrial fibrillation [10]. Morpho‐
logic studies have shown larger volumes and luminal surface areas when compared to
patients without atrial fibrillation; however, both the absolute and relative surface areas of
the pectinate muscles are reduced. In addition, there is significant endocardial thickening
with fibrous and elastic tissue (endocardialfibroelastosis) [10].

Several studies have shown that patients with atrial fibrillation have altered amounts of col‐
lagen degradation products and impaired matrix degradation, with abnormal plasma con‐
centrations of various matrix metalloproteinases (MMPs), their inhibitors (tissue inhibitor of
MMPs [TIMPs]), and various growth factors (eg, transforming growth factor β1) reported
[11-13]. These proteins are important in the breakdown of various collagens and hence their
regulation is key to ensuring healthy matrix turnover.

Evidence suggests that abnormal changes in the extracellular matrix are not related to the
presence of atrial fibrillation in itself, but are probably a consequence of various coexisting
comorbidities (eg, hypertension). Nevertheless, MMPs and TIMPs could have a link with the
prothrombotic state, as exemplified by a correlation with prothrombin fragments 1 and 2,
markers of thrombogenesis [12]. Further studies have identified disruption of other extracel‐
lular matrix components, although most have focused on these factors as a cause for the ar‐
rhythmia or explanation for remodelling and chamber dilatation [14-17]. One study
suggested that some of the changes in MMPs were due to concomitant mitral valve disease
[16], whereas another reported changes in the ventricular myocardium, albeit to a lesser ex‐
tent [17]. Similarly, in patients with ventricular dysfunction (a potent risk factor for atrial fi‐
brillation), various studies have also shown striking atrial structural changes [18,19].

2.2. Abnormal blood stasis

In addition to stasis consequent on the failure of atrial systole, the presence of non-valvular
atrial fibrillation seems to promote progressive left atrial (LA) dilatation [20], thus amplify‐
ing the potential for stasis. In the presence of mitral stenosis, LA dilatation is increased and
leads to further stasis and propensity to thrombosis [21]. The contribution of LA dilatation
to thrombogenesis (at least, in non-valvular atrial fibrillation) is indicated by the finding that
atrial size corrected for body surface area is an independent risk factor for stroke [22,23].

The contribution of valvular heart disease to thrombogenesis in atrial fibrillation cannot be
ignored. In mitral stenosis, up to 75% of patients with cerebral emboli on computed tomog‐
raphy or autopsy are identified to have atrial fibrillation, presumably due to alterations in
LA emptying and transmitral flow [24]. By contrast, moderate-to-severe (non-rheumatic) mi‐
tral regurgitation seems to reduce the risk of stroke with atrial fibrillation [25]. Defining pa‐
tients with atrial fibrillation and mitral valve disease who are at the greatest risk of stroke
has proved complex. The risk of emboli increases with age and in individuals with a lower
cardiac index, but seems to correlate poorly with clinical classification or mitral valve area.
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Studies assessing the degree of LA dilatation have also proven inconsistent. However, an in‐
itial embolic event is highly predictive for subsequent or recurrent thromboemboli [26].

Abnormal stasis in the LA and LAA can be visualized on TEE with spontaneous echo contrast
(SEC) or pulsed-wave doppler during paroxysms of atrial fibrillation [27-30]. In sinus rhythm,
aquadriphasic pattern of blood flow can be seen in the LAA, affording minimum blood stasis
[31]. This pattern in blood flow is thought to be related to the intimate yet slightly delayed rela‐
tions between atrial and ventricular passive and active filling. In atrial fibrillation, SEC has
been shown to independently predict increased risk of thromboembolism [32].

2.3. Abnormal blood constituents

The main intravascular promoters of thrombogenesis are platelets and the various proteins of
the coagulation cascade. In atrial fibrillation, abnormal changes in both these promoters and
other blood constituents (eg, inflammatory cytokines, growth factors) are evident, thereby
completing Virchow’s triad.

2.3.1. Abnormal changes in coagulation

Abnormal haemostasis and coagulation are well described in atrial fibrillation (figure 1,ta‐
ble1). In particular, increased fibrin turnover has been reported in patients with acute onset
or chronic atrial fibrillation [33-39]. These changes initially seemed to be unrelated to the
cause of atrial fibrillation or structural heart disease [38,39]. However, abnormal concentra‐
tions of prothrombotic indices (eg, prothrombin fragments 1 and 2 and thrombin-antithrom‐
bin complexes) are more prominent in patients with stroke who have atrial fibrillation than
in those who have sinus rhythm [40], as well as in patients with atrial fibrillation and many
stroke risk factors (eg, diabetes plus heart failure) compared with either risk factor alone
[41-43]. Furthermore, some prothrombotic indices are abnormal in the patients with atrial fi‐
brillation only [44,45] and in those with paroxysmal atrial fibrillation [46]. Notably, some
markers have been proposed as suitable candidates to refine various stroke risk stratification
schema, many of which are reasonably able to identify patients at low risk or high risk of
stroke, but poor at identifying patients at moderate risk [47].

An association between various prothrombotic indices, stasis, and intracardiac thrombus
has been described [48,49]. In one study, congestive cardiac failure, a history of recent embo‐
lus, and fibrin D-dimer were shown to independently predict the presence of LAA thrombi
on TEE, leading the researchers to conclude that D-dimer could be useful in predicting the
absence of LAA thrombi [49].

The prothrombotic state also correlates with the degree of LAA dysfunction [50,51]. Further‐
more, a relation to TEE indices of stroke risk has been described. For example, SEC that is
visible during TEE shows a significant correlation to prothrombin fragments 1 and 2, fibri‐
nopeptide A, and thrombin-antithrombin III complex in non-valvular atrial fibrillation
[52,53]. Patients with atrial flutter and impaired LAA function (shown by pulsed-wave dop‐
pler) have increased amounts of of D-dimer and â -thromboglobulin[53]. In accordance with
clinical data suggesting that mitral regurgitation protects against stroke in atrial fibrillation,
a greater degree of mitral regurgitation is associated with reduced coagulation activity as es‐
timated by fibrin D-dimer amounts [54], highlighting the important contribution of stasis.

Atrial Fibrillation - Mechanisms and Treatment130

Study design Comment

Gustafsson et al.,[55]
20 AF with stroke; 20 AF without stroke; 20 stroke

without AF; 40 healthy controls
↑D-dimer, vWF in NV AF with and without stroke

Kumagai et al., [39] 73 AF; 73 controls ↑D-dimer

Asakura et al.,[56] 83 AF vs healthy controls ↑PF1+2, TATIII

Sohara&Miyahara [57] 13 paroxysmal AF vs healthy controls NS in D-dimer, TATIII

Lip et al., [38] 87 AF; 158 controls ↑D-dimer, vWF

Lip et al., {58] 51 AF; 26 healthy controls ↑D-dimer

Kahn et al., [36]

75 NV AF with or without previous embolic events;

42 controls with or without previous thrombotic

stroke

vWF higher in AF after stroke than controls without

stroke and similar to controls after stroke

Heppell et al., [48] 109 AF with or without thrombus in left atrium
↑D-dimer, vWF, TATIII in patients with left atrial

thrombus compared with patients without thrombus

Shinohara et al., [51] 45 NV AF
↑D-dimer, TATIII in patients with low LAA velocity vs

patients with high LAA velocity

Feinberg (SPAF III) et al., [59] 1531 AF PF1+2 not associated with thromboembolism

Mondillo et al., [44] 45 AF; 35 healthy controls ↑D-dimer, vWF, s-thrombomodulin

Fukuchi et al., [60] AF vs without AF ↑vWF in atrial appendage tissue

Conway et al., [[61] 1321 AF ↑vWF in high-risk group for stroke

Kamath et al., [62] 93 AF; 50 healthy controls ↑D-dimer

Vene et al., [63] 113 AF
↑D-dimer in AF with cardiovascular events vs no

events

Nakamura et al., [64] LAA tissue samples of 7 NV AF vs 4 without AF ↑vWF, TF expression

Conway et al., [65] 994 AF
vWF not a significant predictor of stroke and vascular

events

Kamath et al., [66]
31 acute onset AF; 93 permanent AF; 31 healthy

controls

Haematocrit raised in acute AF; ↑D-dimer in

permanent AF, but not in acute AF

Sakurai et al., [67] 28 AFL; 27 controls ↑D-dimer in patients with impaired LAA function

Inoue et al., [42] 246 NV AF; 111 healthy controls ↑D-dimer in NV AF with risk factors, NS in PF1+2

Kumagai et al., [68] 16 AF post mortem
↑vWF mRNA and protein in AF with enlarged

atriums

Marin et al., [33]
24 acute onset AF; 24 chronic AF vs 24 coronary

artery disease in sinus rhythm; 24 healthy controls

↑D-dimer, vWF, s-thrombomodulin in all AF groups

with no significant after cardioversion

Nozawa et al., [69] 509 AF; 111 healthy controls ↑D-dimer, NS in PF1+2

Freestone et al., [70] 59 AF; 40 healthy controls ↑Vwf

Nozawa et al., [71] 509 NV AF
↑D-dimer but not PF1+2 with predictive significance

for thromboembolic events

Ohara et al., [43] 591 NV AF; 129 controls

↑D-dimer, PF1+2, platelet factor 4, and â-

thromboglobulin in NV AF; D-dimer, prothrombin

fragments correlated with accumulation of clinical

risk factors for stroke

AF=atrial fibrillation. NV=non-valvular. TATIII=thrombin-antithrombin III complex. AFL=atrial flutter. vWf=von Wille‐
brand factor. LAA=left atrial appendage. TF=tissue factor. NS=non-significant. PF1+2=prothrombin fragments 1 and 2.
s-thrombomodulin=soluble thrombomodulin

Table 1. Coagulation abnormal changes in atrial fibrillation [4] (with permission).
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Studies assessing the degree of LA dilatation have also proven inconsistent. However, an in‐
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clinical data suggesting that mitral regurgitation protects against stroke in atrial fibrillation,
a greater degree of mitral regurgitation is associated with reduced coagulation activity as es‐
timated by fibrin D-dimer amounts [54], highlighting the important contribution of stasis.
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2.3.2. Von Willebrand factor (vWf)

Further insight into the hypercoagulable state in atrial fibrillation is provided by studies of
vWf, which is a well-established index of endothelial damage and dysfunction. Raised vWf
concentrations independently predict presence of LAA thrombus in atrial fibrillation [48].
Furthermore, increased LAA endocardial expression of vWf has been described [60], espe‐
cially in those with an overloaded appendage, which seems to correlate with the presence of
adherent platelet thrombus. Furthermore, increased expression of vWf in the endocardium
has been shown to associate with enlarged LA dimensions in mitral valve disease and in‐
creased myocyte diameter [68].

Both vWf and tissue factor are overexpressed in the atrial endothelium in patients with at‐
rial fibrillation who have ahistory of cardiogenic thromboembolism—specifically in the en‐
dothelial sites containing inflammatory cells and denuded endocardium, which indicate
features of persistent myocarditis [64]. Plasma vWf and D-dimer are also positively correlat‐
ed in patients receiving either aspirin or no antithrombotic treatment, but not in those re‐
ceiving warfarin [38], further indicating the ability of warfarin to modulate the
thrombogenic process.

Furthermore, a positive association between atrial fibrillation and plasma vWf was seen in
the Rotterdam study [72]. This relation was most apparent in female patients, which could
explain the excess risk of stroke due to atrial fibrillation in women compared with men. Fur‐
thermore, plasma vWf amounts were associated with the presence of four independent risk
factors for stroke (heart failure, previous stroke, age, and diabetes) and stroke risk stratifica‐
tion schema [61,65]. Follow-up data from this study suggests that vWf concentrations might
independently predict subsequent stroke and vascular events [65,73]. However, such appli‐
cations will probably be hampered by the non-specificity of vWf, concentrations of which
are also increased in various other disorders [74,75].

2.3.3. Tissue factor

An understanding of left atrial—left atrial appendage thrombogenesis may have its roots in
distinguishing hemostatic and thrombotic clotting. Studies performed by Hoffman and
Monroe [76] offer potential mechanistic insight. In a series of wounding experiments, skin
punch biopsy tissue was placed on the dorsal skin of C57 black mice. Samples containing
the wound specimens were then collected. For comparison, thrombus was provoked in sa‐
phenous veins by application of 10% ferric chloride. After complete occlusion, tissue blocks
containing the clotted vessels were collected. Histologic evaluation revealed extensive tissue
factor staining within saphenous vein thrombi. In distinct contrast, tissue factor staining in
hemostatic clots was localized to squamous endothelial cells at the wounds edges—not
within the thrombus itself.

The experimental findings suggest that a large volume of blood must flow over an injured
surface, such as the left atrial—left atrial appendage endocardium in a person with atrial fi‐
brillation for significant tissue factor, derived from both circulating cells and microparticles
[77,78], to accumulate in high concentrations. Further, and of fundamental teleological rele‐
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vance, hemostasis occurs rapidly, with tissue factor of local origin determining the rate of
thrombus development.

The cell-based model of coagulation translates well to left atrial-left atrial appendage throm‐
bogenesis and supports

a primary role for tissue factor-based thrombin generation, with a secondary role being
played by platelets. While the results of clinical trials [79,80], and meta-analyses are consis‐
tent with this hypothesis, several biological constructs potentially provide a mechanistic
platform as well.

The integrated complexity of coagulation in general and platelet-dependent thrombin gener‐
ation in particular is becoming evident. One of the most interesting and clinically relevant
observations over the past decade is the concomitant interdependence and independence of
platelet activation and thrombin generation. The former is best considered in the context of
primary hemostasis and possibly arterial thrombosis-both highly dependent on platelet

activation, platelet aggregation and thrombin generation (in concentrations sufficient to pro‐
voke further platelet activation). In the latter instance, platelet subpopulations with distinct
intracellular calcium signaling properties yield procoagulant domains [81]. The down regu‐
lation of platelet aIIb/b3, in turn, attenuates proaggregatory potential.

2.3.4. Platelets

Many studies indicate a potential role for platelets in the hypercoagulable state (table 2).
However, the results of many of these studies have been conflicting, representing the di‐
verse aspects of platelet physiology that have been measured and possibly confounding
from interlaboratory assay variability. The available data support the notion that abnormal
changes of platelets in atrial fibrillation do exist, but the relation between these measures
and increased thrombotic risk remains uncertain, and many of such abnormal changes could
simply indicate underlying vascular comorbidities.

Choudhury and colleagues [82] recently showed that patients with atrial fibrillation had far
higher amounts of platelet microparticles and soluble P-selectin than healthy controls in si‐
nus rhythm, but no difference was seen between patients with atrial fibrillation and disease-
matched controls, implying that the abnormal changes detected were a consequence of the
underlying comorbidities rather than atrial fibrillation itself. Increased amounts of β-throm‐
boglobulin, a platelet-specific protein that indicates platelet activation and is released from
α-granules during platelet aggregation and subsequent thrombus formation, have been
shown in patients with both valvular and non-valvular atrial fibrillation compared with
controls in sinus rhythm [51,58,62,83-86]. Substantially higher β-thromboglobulin amounts
have been measured in patients with the lowest LAA flow velocities, who had greater left-
atrial dimensions [51], suggesting that platelet activation could be enhanced in patients with
a greater degree of intra-atrial stasis.

Despite the presence of enhanced platelet activation in atrial fibrillation, any firm clinical evi‐
dence indicating that it directly enhances thrombotic risk is lacking. A substudy from the
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Stroke Prevention in Atrial Fibrillation III (SPAF-III) trial [59] recorded no association between
plasma β -thromboglobulin amounts and subsequent thromboembolic events. By contrast, the
population-based Rotterdam study [87] showed that plasma concentrations of soluble P-selec‐
tin were predictive of adverse clinical outcomes in elderly patients with atrial fibrillation.

Patient group Results

Yamauchi et al., [87] 26 V AF; 73 NV AF; 57 healthy controls ↑ BTG in AF, NS in PF4

Furui et al., [95] 20 AF; 15 healthy controls
BTG increase greater in AF than in controls after

treadmill exercise

Gustafsson et al., [55]
20 AF with stroke; 20 AF without stroke; 20 stroke

with sinus rhythm; 40 healthy controls
↑BTG, PF4 in NV AF with and without stroke

Sohara et al., [57] 13 paroxysmal AF vs healthy controls NS in BTG, PF4

Lip et al., [58] 51 AF; 26 healthy controls ↑BTG

Heppell [48] 109 AF with or without thrombus in left atrium
↑BTG, PF4 in patients with left atrial thrombus

compared with patients without thrombus

Minamino et al., [86] 25 AF vs healthy controls ↑mP-sel

Shinohara et al., [51] 45 NV AF
↑BTG, PF4 in patients with low LAA velocity vs

patients high LAA velocity

Feinberg et al., SPAF III) [59] 1531 AF BTG not associated with thromboembolism

Minamino et al., [93] 28 AF ↑BTG, mP-sel

Mondillo et al., [44] 45 AF; 35 healthy controls ↑BTG, PF4

Kamath et al., [45] 93 AF; 50 healthy controls ↑BTG, soluble GPV; NS in platelet aggreagation

Conway et al., [61] 1321 AF sP-sel was independent of risk for stroke

Conway et al., [65] 994 AF
sP-sel not a significant predictor of stroke and

vascular events

Atalar et al., [96]
15 paroxysmal AF; 25 chronic AF; 22 healthy

controls

Higher BTG, PF4 in chronic AF than in paroxysmal

AF and after conversion to sinus rhythm

Nozawa et al., [69] 509 AF; 111 healthy controls ↑BTG, PF4

Sakurai et al., [53] 28 AFL; 27 controls ↑BTG in patients with impaired LAA function

Inoue et al., [42] 246 NV AF; 111 controls ↑BTG, NS in PF4

Nozawa et al., [69] 509 NV AF BTG, PF4 did not predict thromboembolic events

Choudhury et al., [97]
121 NV AF; 65 healthy controls; 78 disease-

matched controls

Similar but raised levels of CD62P, CD63 and sP-sel

in AF and disease-matched controls compared with

healthy controls

Choudhury et al., [82] 70 NV AF; 46 disease controls; 33 healthy controls
↑PMP and sP-sel in AF and disease controls, but AF

not an independent determinant

Atrial fibrillation. V=valvular. NV=non-valvular. AFL=atrial flutter. BTG= β-thromboglobulin. PF4=platelet factor 4.
sPsel=soluble P-selectin. mP-sel=matrix P-selectin. GPV=glycoprotein V. LAA=left atrial appendage. NS=non-significant.
PMP=platelet microparticles.

Table 2. Studies of platelet function in atrial fibrillation [4] ( with permission)
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However, Nagao et al., [88] suggests that thromboembolism in atrial fibrillation is probably
due to enhancement of various components of the coagulation system due to stasis of blood
in the inordinate and irregular atria, rather than to platelet activation perse. The relative role
of coagulation versus platelet activation in the pathogenesis of thrombogenesis in patients
with atrial fibrillation can roughly be inferred from the results of antithrombotic drug inter‐
ventions that have been tested in randomized clinical trials [89-91]. These results indicate
that inhibition of coagulation remains the mainstay in preventing atrial fibrillation –related
thrombogenesis. The lesser but significant role of platelets- best inhibited by a combined an‐
tiplatelet drug regimen – is presumably related to the platelet activation seen in this arrhyth‐
mia could contribute to thrombogenesis indirectly. For example, increased expression of P-
selectin on platelets associated with reduced concentrations of nitric oxide has also been
shown to be a risk factor for silent cerebral infarction in patients with atrial fibrillation [92].
Moreover, raised amounts of P-selectin and CD63 have both been associated with the em‐
bolic and pre-embolic status of patients with non-rheumatic atrial fibrillation [93]. Or the
prominent involvement of platelets in the pathogenesis of atherothrombotic (that is, non-
cardiombolic) events [94].

2.3.5. Abnormal changes in fibrinolysis

Few studies have focused on fibrinolytic function in atrial fibrillation. Enhanced fibrinolysis,
shown by increased concentrations of tissue-plaminogen activator (t-PA) antigen and t-PA
inhibitor (PAI)-1 and reduced amounts of plasmin-antiplasmin complex can be attributable
to a pathophysiological response to the prothrombotic state [95,66]. However, the available
data are not consistent and conflicting results have also been reported [35]. In the Stroke Pre‐
vention in Atrial Fibrillation (SPAF) III study [99], increased concentrations of plasmin-anti‐
plasmin complexes were independently associated with thromboembolic risk factors such as
older age (>75 years), recent congestive heart failure, decreased fractional shortening, and
recent onset of atrial fibrillation. A significant correlation can be also shown between t-PA
amounts and left-atrial diameter in atrial fibrillation [35]. Predictably, anticoagulation leads
to some improvement in fibrinolytic markers in rheumatic atrial fibrillation [98].

Increased amounts of t-PA and PAI-1 can indicate the coexistence of confounders, such as
hypertension, heart failure, or ischaemic heart disease, all of which can cause endothelial
dysfunction, damage, and inflammation. However, studies in patients with atrial fibrillation
only confirm that presence of the disorder does modulate these markers. [35,95,99]. Thus,
the high amounts of t-PA and PAI-1 in atrial fibrillation could be a consequence of endothe‐
lial damage and dysfunction or represent systemic inflammation [100,101]. PAI-1 concentra‐
tions are also predictive of successful cardioversion [102], and are independent predictors of
the development of atrial fibrillation after cardiopulmonary bypass [103].

It is unclear whether increased amounts of t-PA or PAI-1 in atrial fibrillation are due to en‐
dothelial dysfunction, inflammation, fibrinolysis, or vascular disease, or a combination.
Nevertheless, abnormal changes in the fibrinolytic system might relate not only to thrombo‐
genesis but also to structural remodelling of the atria, in view of the strong links to extracel‐
lular matrix turnover.
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Sakurai et al., [53] 28 AFL; 27 controls ↑BTG in patients with impaired LAA function

Inoue et al., [42] 246 NV AF; 111 controls ↑BTG, NS in PF4

Nozawa et al., [69] 509 NV AF BTG, PF4 did not predict thromboembolic events

Choudhury et al., [97]
121 NV AF; 65 healthy controls; 78 disease-

matched controls

Similar but raised levels of CD62P, CD63 and sP-sel
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healthy controls

Choudhury et al., [82] 70 NV AF; 46 disease controls; 33 healthy controls
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Table 2. Studies of platelet function in atrial fibrillation [4] ( with permission)
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However, Nagao et al., [88] suggests that thromboembolism in atrial fibrillation is probably
due to enhancement of various components of the coagulation system due to stasis of blood
in the inordinate and irregular atria, rather than to platelet activation perse. The relative role
of coagulation versus platelet activation in the pathogenesis of thrombogenesis in patients
with atrial fibrillation can roughly be inferred from the results of antithrombotic drug inter‐
ventions that have been tested in randomized clinical trials [89-91]. These results indicate
that inhibition of coagulation remains the mainstay in preventing atrial fibrillation –related
thrombogenesis. The lesser but significant role of platelets- best inhibited by a combined an‐
tiplatelet drug regimen – is presumably related to the platelet activation seen in this arrhyth‐
mia could contribute to thrombogenesis indirectly. For example, increased expression of P-
selectin on platelets associated with reduced concentrations of nitric oxide has also been
shown to be a risk factor for silent cerebral infarction in patients with atrial fibrillation [92].
Moreover, raised amounts of P-selectin and CD63 have both been associated with the em‐
bolic and pre-embolic status of patients with non-rheumatic atrial fibrillation [93]. Or the
prominent involvement of platelets in the pathogenesis of atherothrombotic (that is, non-
cardiombolic) events [94].

2.3.5. Abnormal changes in fibrinolysis

Few studies have focused on fibrinolytic function in atrial fibrillation. Enhanced fibrinolysis,
shown by increased concentrations of tissue-plaminogen activator (t-PA) antigen and t-PA
inhibitor (PAI)-1 and reduced amounts of plasmin-antiplasmin complex can be attributable
to a pathophysiological response to the prothrombotic state [95,66]. However, the available
data are not consistent and conflicting results have also been reported [35]. In the Stroke Pre‐
vention in Atrial Fibrillation (SPAF) III study [99], increased concentrations of plasmin-anti‐
plasmin complexes were independently associated with thromboembolic risk factors such as
older age (>75 years), recent congestive heart failure, decreased fractional shortening, and
recent onset of atrial fibrillation. A significant correlation can be also shown between t-PA
amounts and left-atrial diameter in atrial fibrillation [35]. Predictably, anticoagulation leads
to some improvement in fibrinolytic markers in rheumatic atrial fibrillation [98].

Increased amounts of t-PA and PAI-1 can indicate the coexistence of confounders, such as
hypertension, heart failure, or ischaemic heart disease, all of which can cause endothelial
dysfunction, damage, and inflammation. However, studies in patients with atrial fibrillation
only confirm that presence of the disorder does modulate these markers. [35,95,99]. Thus,
the high amounts of t-PA and PAI-1 in atrial fibrillation could be a consequence of endothe‐
lial damage and dysfunction or represent systemic inflammation [100,101]. PAI-1 concentra‐
tions are also predictive of successful cardioversion [102], and are independent predictors of
the development of atrial fibrillation after cardiopulmonary bypass [103].

It is unclear whether increased amounts of t-PA or PAI-1 in atrial fibrillation are due to en‐
dothelial dysfunction, inflammation, fibrinolysis, or vascular disease, or a combination.
Nevertheless, abnormal changes in the fibrinolytic system might relate not only to thrombo‐
genesis but also to structural remodelling of the atria, in view of the strong links to extracel‐
lular matrix turnover.
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2.3.6. Restoration of sinus rhythm

Some evidence suggests that activation of the coagulation system could be adversely affect‐
ed by cardioversion of atrial fibrillation [104]. Electrical cardioversion has been associated
with more prominent activation of the coagulation system than a pharmacological strategy
[105]. One study found a positive correlation between the energy delivered for cardiover‐
sion to sinus rhythm and plasma D-dimer values on day 7 [105]. Additionally, an extended
duration of atrial fibrillation could lead to a more prominent hypercoagulable state (estimat‐
ed by D-dimer value) after cardioversion[106]. The hypercoagulable state after cardiover‐
sion has been seen despite optimum anticoagulation with warfarin [107]. Nevertheless,
patients receiving therapeutic low-molecular-weight heparin (LMWH) before cardioversion
seem to have reduced hypercoagulability [108].

2.4. What drives the prothrombotic state in atrial fibrillation?

Several mechanisms have been purported to drive then prothrombotic state in atrial fibrilla‐
tion (figure 2), but recent evidence has focused on the potential role of inflammation and the
release of various growth factors.

Figure 2. Abnormal changes in coagulation during atrial fibrillation [4] (with permission)
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2.4.1. Inflammation

In atrial fibrillation, inflammation might not only result in endothelial damage, dysfunction,
or activation, but also be linked directly to thrombogenesis. Increasing evidence has sup‐
ported a link between inflammation and the initiation and perpetuation of atrial fibrillation
[109-113]. Furthermore, abnormal changes in systemic inflammation have been related to
prothrombotic indices in atrial fibrillation, suggesting that inflammation could drive the
prothrombotic state in atrial fibrillation [109].

Although most cases of atrial fibrillation are associated with various comorbidities, many of
which could also enhance the baseline inflammatory state, there may be an underlying di‐
rect link between atrial fibrillation and inflammation. Interleukin-6 concentrations are ab‐
normal in atrial fibrillation, with some prognostic implications shown in one study [114].
Many studies have also shown that amounts of high-sensitivity C-reactive protein (hs-CRP)
are greater in patients with atrial fibrillation than in controls in sinus rhythm, with a step‐
wise increase in hs-CRP with the transition from patient groups with an increasing burden
(sinus rhythm to paroxysmal then persistent) in atrial fibrillation [115]. Raised hs-CRP
amounts consistently correlate with cardiovascular risk, although not with future atrial fi‐
brillation [109].More recently, high hc-CRP amounts were shown to be predictive of mortali‐
ty and vascular death in atrial fibrillation, but not stroke itself [116].

How is inflammation linked to thrombogenesis in atrial fibrillation? Both CRP and interleu‐
kin 6 stimulate tissue factor production from monocytes in vitro [117, 118]. Furthermore, in‐
terleukin 6 increases platelet production and sensitivity to thrombin [119], stimulates
transcription of fibrinogen [120], and is linked to both endothelial activation and damage
[121,122]. However, no link seems to exist between hs-CRP and thrombin-antithrombin
complexes [123]. Tissue factor and high stroke risk are also independent associates of inter‐
leukin 6, whereas fibrinogen and plasma viscosity are independent associates of hs-CRP
amounts [124].

2.4.2. Growth factors

Another potential driver for thrombogenesis could be growth factors. Various pro-angio‐
genic factors have been identified; concentrations of some of these factors have been shown
to alter in atrial fibrillation [ 70,125,126]. Vascular endothelial growth factor (VEGF) is large‐
ly produced by activated platelets [127], and results in upregulation of tissue factor mRNA
production and subsequent expression of this compound on the endothelial membrane
[128]. VEGF amounts are substantially increased in both persistent and permanent atrial fi‐
brillation, with a corresponding increase in tissue factor [125]. Additionally, raised serum
concentrations of transforming growth factor-β1[126] and angiopoetin 2 (but not angiopoe‐
tin 1) [70] are also recorded in atrial fibrillation, showing the depth and complexity of modu‐
lation of growth factor amounts.

Although the requirements for enhanced angiogenesis in atrial fibrillation are unknown, in
view of the intimate association between VEGF and tissue factor, enhanced growth factors
could be a crucial driving force behind the hypercoagulable state. Notably, tissue factor acts

Thrombogenesis in Atrial Fibrillation
http://dx.doi.org/10.5772/53613

137



2.3.6. Restoration of sinus rhythm

Some evidence suggests that activation of the coagulation system could be adversely affect‐
ed by cardioversion of atrial fibrillation [104]. Electrical cardioversion has been associated
with more prominent activation of the coagulation system than a pharmacological strategy
[105]. One study found a positive correlation between the energy delivered for cardiover‐
sion to sinus rhythm and plasma D-dimer values on day 7 [105]. Additionally, an extended
duration of atrial fibrillation could lead to a more prominent hypercoagulable state (estimat‐
ed by D-dimer value) after cardioversion[106]. The hypercoagulable state after cardiover‐
sion has been seen despite optimum anticoagulation with warfarin [107]. Nevertheless,
patients receiving therapeutic low-molecular-weight heparin (LMWH) before cardioversion
seem to have reduced hypercoagulability [108].

2.4. What drives the prothrombotic state in atrial fibrillation?

Several mechanisms have been purported to drive then prothrombotic state in atrial fibrilla‐
tion (figure 2), but recent evidence has focused on the potential role of inflammation and the
release of various growth factors.

Figure 2. Abnormal changes in coagulation during atrial fibrillation [4] (with permission)

Atrial Fibrillation - Mechanisms and Treatment136

2.4.1. Inflammation

In atrial fibrillation, inflammation might not only result in endothelial damage, dysfunction,
or activation, but also be linked directly to thrombogenesis. Increasing evidence has sup‐
ported a link between inflammation and the initiation and perpetuation of atrial fibrillation
[109-113]. Furthermore, abnormal changes in systemic inflammation have been related to
prothrombotic indices in atrial fibrillation, suggesting that inflammation could drive the
prothrombotic state in atrial fibrillation [109].

Although most cases of atrial fibrillation are associated with various comorbidities, many of
which could also enhance the baseline inflammatory state, there may be an underlying di‐
rect link between atrial fibrillation and inflammation. Interleukin-6 concentrations are ab‐
normal in atrial fibrillation, with some prognostic implications shown in one study [114].
Many studies have also shown that amounts of high-sensitivity C-reactive protein (hs-CRP)
are greater in patients with atrial fibrillation than in controls in sinus rhythm, with a step‐
wise increase in hs-CRP with the transition from patient groups with an increasing burden
(sinus rhythm to paroxysmal then persistent) in atrial fibrillation [115]. Raised hs-CRP
amounts consistently correlate with cardiovascular risk, although not with future atrial fi‐
brillation [109].More recently, high hc-CRP amounts were shown to be predictive of mortali‐
ty and vascular death in atrial fibrillation, but not stroke itself [116].

How is inflammation linked to thrombogenesis in atrial fibrillation? Both CRP and interleu‐
kin 6 stimulate tissue factor production from monocytes in vitro [117, 118]. Furthermore, in‐
terleukin 6 increases platelet production and sensitivity to thrombin [119], stimulates
transcription of fibrinogen [120], and is linked to both endothelial activation and damage
[121,122]. However, no link seems to exist between hs-CRP and thrombin-antithrombin
complexes [123]. Tissue factor and high stroke risk are also independent associates of inter‐
leukin 6, whereas fibrinogen and plasma viscosity are independent associates of hs-CRP
amounts [124].

2.4.2. Growth factors

Another potential driver for thrombogenesis could be growth factors. Various pro-angio‐
genic factors have been identified; concentrations of some of these factors have been shown
to alter in atrial fibrillation [ 70,125,126]. Vascular endothelial growth factor (VEGF) is large‐
ly produced by activated platelets [127], and results in upregulation of tissue factor mRNA
production and subsequent expression of this compound on the endothelial membrane
[128]. VEGF amounts are substantially increased in both persistent and permanent atrial fi‐
brillation, with a corresponding increase in tissue factor [125]. Additionally, raised serum
concentrations of transforming growth factor-β1[126] and angiopoetin 2 (but not angiopoe‐
tin 1) [70] are also recorded in atrial fibrillation, showing the depth and complexity of modu‐
lation of growth factor amounts.

Although the requirements for enhanced angiogenesis in atrial fibrillation are unknown, in
view of the intimate association between VEGF and tissue factor, enhanced growth factors
could be a crucial driving force behind the hypercoagulable state. Notably, tissue factor acts

Thrombogenesis in Atrial Fibrillation
http://dx.doi.org/10.5772/53613

137



as a cofactor to factor VIIa and is widely regarded as the physiological trigger to thrombin
formation [129]. But, why are factors such as the angiopoietins involved? Angiopoeitin 1
and 2 are natural co-antagonists and both compete for the same binding site on Tie-2, an en‐
dothelial tyrosine kinase receptor. With an excess of angiopoeitin 1, stability of the endothe‐
lium is favoured, whereas the converse is true with an excess of angiopoeitin 2 [70]. In these
circumstances, the balance could ultimately favour endothelial destabilisation and therefore
the action of cytokines such as VEGF.

2.4.3. Extracellular matrix turnover

The relationship between atrial fibrillation and remodeling of the left atrium/arterial ap‐
pendage is traditionally explained by the absence of contractility and altered flow dynamics.
This hypothesis is not entirely fulfilling for several reasons, not the least of which is its in‐
ability to substantiate the mechanism of progressive structural change. A contemporary
view considers the contribution of coagulation factors and thrombus substrate itself as both
initiators and perpetuators of the prothrombotic environment that includes remodeling.
Thrombin, a serine protease, beyond its widely recognized role in hemostasis and thrombo‐
sis, is directly involved in tissue repair and remodeling through an endothelial mesenchy‐
mal transdifferentiation process [130]. Thrombin also exerts an effect on endothelial cell
junctions (reviewed in [131], endothelial cell and smooth muscle cell migration and smooth
muscle cell proliferation via protease activated receptor (PAR)-1 [132].

Thrombin-induced membrane-type matrix metalloproteinase (MMP)-2 gene transcription
and activity [133] may also contribute to structural changes in the atrium/atrial appendage,
as may thrombin-augmented fibroblast-mediated collagen gel contraction [134]. Locally gen‐
erated thrombin has been shown in tissue culture to upregulate tissue factor expression and
activity [135].

While thrombin is known to possess a variety of cell regulating capabilities, one must not
overlook the contribution

of other coagulation proteases in the remodeling process. Indeed, factor Xa has been shown
to promote fibroblast proliferation, migration and differentiation into myofibroblasts
through a PAR-2 specific mechanism [136]. Accordingly, the development of oral/direct fac‐
tor Xa and thrombin inhibitors provides an unprecedented opportunity to investigate fun‐
damental pathological mechanisms in atrial fibrillation.

2.4.4. Nitric oxide

Nitric oxide is synthesized by nitric oxide synthase, which is present in large concentrations
in the endothelium. The expression of nitric oxide synthase is regulated by flow-mediated
shear stress and is consequently downregulated at sites with low flow velocity [137]. Nitric
oxide shows potent antithrombotic effects in arterial endothelium, and nitric oxide released
from activated platelets inhibits platelet recruitment to the growing thrombus [138], while
also inhibiting expression of PAI-1 [139].

Atrial Fibrillation - Mechanisms and Treatment138

In animal models of atrial fibrillation, the loss of atrial contraction and consequent reduc‐
tion in shear stress seems to reduce LA expression of nitric oxide synthase with a corre‐
sponding decrease in nitric oxide bioavailability and increase in PAI-1 expression [140]. In
the LAA, nitric oxide concentrations were also significantly reduced compared with con‐
trol  animals,  but  this  finding did not  indicate  decreased expression of  nitric  oxide  syn‐
thase at this site. Since atrial thrombus is frequently formed in the LAA, this finding still
has no adequate explanation.

2.4.5. Renin-Angiotensin-Aldosterone System (RAAS)

The RAAS is now appreciated as key to the pathophysiology of various cardiovascular dis‐
ease states. The extent of these changes seems to relate predominantly to the reduction in
angiotensin-II amounts. Atrial tissue has the capacity to produce and use this hormone with
local expression of acetylcholinesterase and angiotensin-II receptors, both of which could be
upregulated in atrial fibrillation [141]. RAAS could be mechanistically implicated in initia‐
tion and perpetuation of atrial fibrillation [141-143], as well as providing the link to other
mechanisms promoting the prothrombotic state in atrial fibrillation.

Angiotensin II has been shown to possess several proinflammatory properties and increases
the production of proinflammatory cytokines (eg, interleukin 6 and tumour necrosis factorα
[TNFα]), adhesion molecules (eg, vascular-cell adhesion molecule 1), monocyte chemoat‐
tractant protein 1, and selectins (eg, P-selectin) [144-146]. Similarly, through release of vari‐
ous chemokines (eg, cytokine-induced neutrophil chemoattractant), angiotensin II can
initiate neutrophil recruitment [146]. Expression of angiotensin-II receptors has also been
linked with increased atrial cell death and leucocyte infiltration [147]. These data potentially
support a complex relation between RAAS, inflammation, and atrial fibrillation.

Additionally, RAAS has been implicated in the activation of various MMPs and thromboxane
A2 (a prothrombotic signalling molecule produced by activated platelets). These processes
could occur both as a direct effect of angiotensin II and also through induction of interleukin 6
[148]. Furthermore, angiotensin II could accelerate degradation of nitric oxide through produc‐
tion of reactive oxygen species and thereby impair endothelium dependent vasodilatation
[149]. Likewise, activation of RAAS increases synthesis of PAI-1, possibly indicating either en‐
hanced endothelial damage or impaired fibrinolysis in atrial fibrillation [150].

3. Conclusion

The mechanisms underlying thrombogenesis in atrial fibrillation are clearly complex and re‐
main only partly understood. Abnormal changes in flow, vessel wall, and blood constituents in
atrial fibrillation fulfil Virchow’s triad for thrombogenesis, and accord with a prothrombotic or
hypercoagulable state in this arrhythmia. That this process is related purely to blood stasis is no
longer accepted. Various abnormal changes related both to atrial fibrillation and its comorbidi‐
ties impart a synergistic effect in maintaining a hypercoagulable state in this condition.
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1. Introduction

Currently, atrial fibrillation (AF) guidelines are intended to assist physicians in clinical
decision making by describing a range of generally acceptable approaches for the diagnosis
and management of AF. However, these guidelines provide no recommendations that takes
into account other aspects of the arrhythmia related with its computational analysis. For
example, the proper application of spectral analysis, how to quantify different AF patterns
in terms of organization, or how to deal with ventricular contamination before AF analysis
are some aspects that could provide an improved scenario to the physician in the search of
useful clinical information [1].

Both in surface and invasive recordings of AF the presence of ventricular activity has to
be considered as a contaminant signal which has to be removed. In this respect, the
proper analysis and characterization of AF from ECG recordings requires the extraction
or cancellation of the signal components associated to ventricular activity, that is, the QRS
complex and the T wave. Unfortunately, a number of facts hinder this operation [2]. Firstly,
the atrial activity presents in the ECG much lower amplitude, in some cases well under the
noise level, than its ventricular counterpart. Additionally, both phenomena possess spectral
distributions notably overlapped, rendering linear filtering solutions unsuccessful. Within
this context, several methods have been proposed to deal with this problem during last
years. They go from a simple average beat subtraction [3], to the most advanced adaptive
methods based on multidimensional signal processing [4] that will be detailed Section § 2.

From a clinical point of view, the estimation of the dominant atrial frequency (DAF), i.e., the
repetition rate of the fibrillatory waves, is an important goal in the analysis of ECG recordings
in AF. By comparing endocardial electrograms with ECGs, it has been established that the
ECG-based AF frequency estimate can be used as an index of the atrial cycle length [5].
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2 Atrial Fibrillation

AF recordings with low DAF are more likely to terminate spontaneously and to respond
better to antiarrhythmic drugs or cardioversion, whereas high DAF is more often associated
with persistence to therapy [6]. The likelihood of successful pharmacological cardioversion
is higher when the DAF is below 6 Hz [7]. Moreover, the risk of early AF recurrence is higher
for patients with higher DAF [8] and, therefore, the DAF may be taken into consideration
when selecting candidates for cardioversion. Section § 3 will provide to the reader basic
concepts and recent advances in DAF estimation, as well as more elaborated techniques like
time-frequency analysis or spectral modeling.

On the other hand, organization deals with strategies to quantify the repetitiveness of the AF
signal pattern, thus providing very useful clinical information on the arrhythmia state. This
relevant concept will be addressed in Section § 4, where the most important methods will be
described [9, 10]. AF organization has demonstrated its clinical usefulness because indices
of organization have been related to the electrophysiological mechanisms sustaining AF, or
may be useful in the evaluation of strategies for AF treatment, such as catheter ablation or
electrical cardioversion [11].

2. Atrial activity extraction

This section describes the most widely used methods to separate atrial from ventricular
activities, both on surface and invasive recordings, grouped by they core way of operation.
Mathematical notation or equations have been avoided in the interest of readability. Anyway,
the reader could find detailed explanations in the corresponding references. Firstly, the
methods based on the generation of an average beat, able to represent approximately each
individual beat, are detailed. Within these methods, the main idea is to subtract the average
beat from every single beat. Next, other group of methods take profit of physiological
observations such as atrial and ventricular activities being uncoupled and originated from
independent electrical sources. This fact allows the application of signal separation methods
to dissociate atrial from ventricular activities, that will be addressed later.

2.1. Average Beat Subtraction methods

The average beat subtraction (ABS) based method was firstly presented by Slocum et al. [3]
and still remains as the most widely used on the surface ECG [12, 13]. The ABS methodology
takes advantage of the lack of a fixed relationship between atrial and ventricular activities
and the consistent morphology of the QRST complexes [3]. In this method, fiducial points
from ventricular complexes are detected and aligned [14]. Next, an average beat is generated
where the window length is determined by the minimum or mean R–R interval. The window
was aligned such that 30% of it preceded the fiducial point and 70% followed it [15]. A
template of average beats was constructed and subtracted from the original signal, resulting
in the atrial activity with subtracted ventricular activity.

The use of an adaptive template in conjunction with the correct alignment of every QRS
complex, both in time and space, has proven to be very effective through the spatiotemporal
QRST cancellation [16]. Since ABS is performed in individual leads, it becomes sensitive
to alterations in the electrical axis, which are manifested as large QRS-related residuals.
However, the effect of such alterations can be suppressed by using the spatiotemporal QRST
cancellation in which the average beats of adjacent leads are mathematically combined with
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Figure 1. Relevant time instants used by the ASVC algorithm. The points si and ei are the start and end points of the i-th QRST

complex which is represented by xi , respectively. The points osi and oei define the zones, at the beginning and the end of the

i-th QRST complex, that will be processed to avoid sudden transitions after ventricular cancellation [13].

the average beat of the analyzed lead in order to optimize cancellation [16]. Other authors
have proposed the idea of processing separately the QRS complex and the T wave [17]. This is
because the depolarization waveform changes notably as a function of the heart rate, whereas
the repolarization waveform remains almost unchanged.

Finally, the most recently ABS method is based on adaptive singular value cancellation
(ASVC) of the ventricular activity [13]. Given that the ECG signal presents a high degree
of temporal redundancy which could be exploited for ventricular activity cancellation, the
ASVC method detected all the R waves making use of the Pan and Tompkins technique [14].
Next, the starting and ending points of each QRS complex were detected and the complexes
were aligned using their R peak timing. Figure 1 depicts the fiducial points and relevant
time instants described herein. Once all the beats were temporally aligned, their eigenvector
sequence was obtained by singular value decomposition (SVD). In this way, the highest
variance provided the eigenvector considered as the representative ventricular activity [13].
Thereby, this activity was used as the primary cancellation template. Next the template
was adapted to each QRST width and height and was temporally aligned with each R
peak in the ECG. Finally, the customized template for each beat was subtracted from every
QRST complex and the atrial activity estimation inside the complex was obtained. This
SVD–based method provided a more accurate ventricular activity representation adapted to
each individual beat and, as a consequence, a higher quality AA extraction in a wide variety
of AF recordings [13].

As an illustration on how the ABS-based methods can behave, Figure 2 plots the comparison
between the simple ABS method introduced in [3] and the ASVC method presented in [13].
As can be observed, ventricular residua use to be present in the extracted AA, specially
for the simple ABS method in (c). In fact, this is the main reason justifying the permanent
optimization of atrial activity extraction methods during last years.
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4 Atrial Fibrillation

Figure 2. Example of a real ECG segment in AF with irregular QRST shape and the illustration on how the ABS-based method

are able to cancel out ventricular activity. (a) ECG ready for ventricular activity cancellation. (b) Atrial activity signal provided by

ASVC [13]. (c) Atrial activity signal provided by ABS [3].

2.2. Signal separation methods

Other recently proposed alternative consist of applying signal separation algorithms, which
are able to use the multi-lead information provided by the ECG to obtain a unified atrial
activity. They can be based on principal component analysis (PCA) [18] or blind source
separation (BSS) [4]. These methodologies have been compared in a joint study proving their
coincident results in the estimation of AF spectra on the surface ECG [19]. One common
drawback to the ABS-based methods is that they are mainly thought to be applied over single
lead ECGs. In other words, the application of ABS cancellation techniques to different ECG
leads would involve the obtention of an equal number of different atrial activities as well.
Consequently, they do not make use of the information included in every lead in an unified
way. On the contrary, BSS techniques perform a multi-lead statistical analysis by exploiting
the spatial diversity that multiple spatially-separated electrodes may introduce [4, 20].

The blind source separation consists in recovering a set of source signals from the observation
of linear mixtures of the sources [21]. The term blind emphasizes that nothing is known about
the source signals or the mixing structure, the only hypothesis being the source mutual
independence [22]. To achieve the source separation, a linear transformation is sought
such that the components of the output signal vector become statistically independent, thus
representing an estimate of the sources except for (perhaps) scaling and permutation, which
are considered as admissible indeterminacies [22]. Some authors have proposed the use of
PCA to solve the mixing model between atrial and ventricular activity in AF [23]. However,
it is important to remark that the success of PCA relies heavily on the orthogonality of
the sources. But, in general, there is no reason why bioelectrical sources of the heart
should be spatially orthogonal to one another in the ECG. This orthogonality condition
can only be forced through appropriate electrode placement, as previously emphasized in
the context of the fetal ECG extraction problem [24] and the cancellation of artifacts in the
electroencephalogram [25].
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Figure 3. Input and result of the BSS separation process applied to an ECG of atrial fibrillation. (a) 12-lead ECG segment from

a patient in AF. The multi-lead information will be used by BSS to yield a unified atrial activity. (b) Estimated sources obtained

via BSS and reordered from lower to higher kurtosis value. The unified atrial activity is contained in source #1 [4].
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6 Atrial Fibrillation

When BSS is applied to an ECG in AF, a set of different sources can be observed as illustrated
in Figure 3. Consequently a crucial step in BSS-based atrial activity extraction is to identify
the sources(s) which contains atrial activity. The first algorithm proposed for this purpose
made use of a kurtosis-based reordering of the components, relying on the assumption
that sub-Gaussian sources are associated with atrial activity, approximately Gaussian ones
with various types of noise and artifacts, whereas super-Gaussian sources are associated
with ventricular activity [4]. Since information on kurtosis alone is insufficient for accurate
identification of the atrial component, kurtosis reordering was combined with power spectral
analysis of the sub-Gaussian components to detect when a dominant spectral peak, reflecting
atrial rate, was present or not. It is commonly accepted that atrial rate is reflected by a peak
whose frequency is confined to the interval 3–9 Hz [4]. In this respect Figure 4 shows the
power spectral density associated to the separated sources with lower kurtosis in Figure 3.
As can be appreciated, source #1 is the one representing the typical spectrum of an atrial
activity.
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Figure 4. Power spectral densities from several BSS-estimated sources of Fig. 3. After kurtosis-based reordering only five

sources have subgaussian kurtosis, and the one with lowest kurtosis (source #1) presents a power spectral density typically

associated with the atrial activity in AF episodes [4].

Another approach to atrial component identification was later presented in [20], where
kurtosis reordering and spectral analysis are supplemented with another technique with
which ventricular components are excluded from further processing and only components
with possible atrial activity are retained. Since the kurtosis of the ventricular components
is usually very high, they can be excluded with a simple threshold test. It was found that
a threshold of about 1.5 retained components with atrial activity, but excluded components
with QRS complexes. The block diagram of this technique is represented in Figure 5.

The nonventricular components, i.e., atrial activity, noise, and artifacts, with kurtosis close
to zero, are separated using second-order blind identification (SOBI). This technique aims
at separating a mixture of uncorrelated sources with different spectral content through
second-order statistical analysis which also takes into consideration the source temporal
information [20].

2.3. Specific methods for invasive recordings

In the same way as with surface ECG recordings, other relevant point of view to understand
the pathophysiological mechanisms of AF is the analysis and interpretation of atrial
electrograms (AEG), which are recordings obtained on the atrial surface. More precise and
successful therapies can be developed through this analysis, like guided radio-frequency
ablation [26], analysis of antiarrhythmic drug effects [27] or performance improvement of
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Figure 5. Block diagram of the BSS method, implemented by independent component analysis (ICA), and SOBI for atrial activity

extraction in multi-lead ECGs of AF. It can be observed that components whose kurtosis exceed 1.5 are excluded from the SOBI

stage [20].

atrial implantable cardioverter-defibrillators [28]. Within this context, ABS (or a similar
methodology) has been applied to the AEG in order to discriminate sinus rhythm from
AF [15], to measure AF organization [9] and synchronization [29] and to monitor the effects
of ablation procedures and antiarrhythmic drugs [30].

However, ABS tends to distort the resulting atrial signal when the AEG under analysis
corresponds to a well organized AF, as Figure 6 shows. Observe in Fig. 6.a that the atrial
rhythm is well organized and uncoupled with the ventricular rhythm. The AEG shows
ventricular depolarization contamination and the remaining three signals are the resultant
atrial activity after applying ventricular reduction with the corresponding algorithm.
Observe how ABS can modify the atrial waveform within the atrial segments. In contrast,
Fig. 6.b shows a disorganized AF episode. In this case, thanks to the irregularity of the atrial
signal, ABS performs better, preserving the atrial waveform and reducing ventricular peaks.

Because of the aforementioned problems with ABS, alternative methods have been
introduced in the literature [31]. Firstly, adaptive ventricular cancellation (AVC) can be
considered. This method is based on an adaptive filter that operates on the reference
channel to produce an estimate of the interference, which is then subtracted from the main
channel [32]. In this case the main channel was the recorded AEG containing both atrial
and ventricular components. On the other hand, the reference channel was lead II from the
standard surface ECG. The motivation to select this lead was based on the large ventricular
amplitude that can be observed on it, and the precise time alignment existing between the
QRS complex of lead II and the AEG [12, 33]. The resulting atrial activity provided by the
AVC method can be observed in Figure 6 for two different types of AF recordings.

The last approach introduced to deal with AA extraction from the AEG has been based also
in BSS through the use of independent component analysis (ICA) [31]. This is because in
the context of AF patients, atrial and ventricular activities can be considered as decoupled
electrical processes that appear mixed at the electrode output [4]. Therefore, it should be
possible to dissociate atrial from ventricular activity in one AEG lead by using the proper
reference signal which, in this case, has been the surface standard lead II by the same reasons
as with AVC. In this case, the dimension is 2× 2 where the observations are composed of the
AEG and lead II, and the sources are the atrial and ventricular components to be dissociated.
The FastICA algorithm was preferred to perform the ICA process due to its fast convergence
and robust performance, previously demonstrated in a variety of different applications [34].
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sources have subgaussian kurtosis, and the one with lowest kurtosis (source #1) presents a power spectral density typically

associated with the atrial activity in AF episodes [4].

Another approach to atrial component identification was later presented in [20], where
kurtosis reordering and spectral analysis are supplemented with another technique with
which ventricular components are excluded from further processing and only components
with possible atrial activity are retained. Since the kurtosis of the ventricular components
is usually very high, they can be excluded with a simple threshold test. It was found that
a threshold of about 1.5 retained components with atrial activity, but excluded components
with QRS complexes. The block diagram of this technique is represented in Figure 5.

The nonventricular components, i.e., atrial activity, noise, and artifacts, with kurtosis close
to zero, are separated using second-order blind identification (SOBI). This technique aims
at separating a mixture of uncorrelated sources with different spectral content through
second-order statistical analysis which also takes into consideration the source temporal
information [20].

2.3. Specific methods for invasive recordings

In the same way as with surface ECG recordings, other relevant point of view to understand
the pathophysiological mechanisms of AF is the analysis and interpretation of atrial
electrograms (AEG), which are recordings obtained on the atrial surface. More precise and
successful therapies can be developed through this analysis, like guided radio-frequency
ablation [26], analysis of antiarrhythmic drug effects [27] or performance improvement of
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extraction in multi-lead ECGs of AF. It can be observed that components whose kurtosis exceed 1.5 are excluded from the SOBI
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atrial implantable cardioverter-defibrillators [28]. Within this context, ABS (or a similar
methodology) has been applied to the AEG in order to discriminate sinus rhythm from
AF [15], to measure AF organization [9] and synchronization [29] and to monitor the effects
of ablation procedures and antiarrhythmic drugs [30].

However, ABS tends to distort the resulting atrial signal when the AEG under analysis
corresponds to a well organized AF, as Figure 6 shows. Observe in Fig. 6.a that the atrial
rhythm is well organized and uncoupled with the ventricular rhythm. The AEG shows
ventricular depolarization contamination and the remaining three signals are the resultant
atrial activity after applying ventricular reduction with the corresponding algorithm.
Observe how ABS can modify the atrial waveform within the atrial segments. In contrast,
Fig. 6.b shows a disorganized AF episode. In this case, thanks to the irregularity of the atrial
signal, ABS performs better, preserving the atrial waveform and reducing ventricular peaks.

Because of the aforementioned problems with ABS, alternative methods have been
introduced in the literature [31]. Firstly, adaptive ventricular cancellation (AVC) can be
considered. This method is based on an adaptive filter that operates on the reference
channel to produce an estimate of the interference, which is then subtracted from the main
channel [32]. In this case the main channel was the recorded AEG containing both atrial
and ventricular components. On the other hand, the reference channel was lead II from the
standard surface ECG. The motivation to select this lead was based on the large ventricular
amplitude that can be observed on it, and the precise time alignment existing between the
QRS complex of lead II and the AEG [12, 33]. The resulting atrial activity provided by the
AVC method can be observed in Figure 6 for two different types of AF recordings.

The last approach introduced to deal with AA extraction from the AEG has been based also
in BSS through the use of independent component analysis (ICA) [31]. This is because in
the context of AF patients, atrial and ventricular activities can be considered as decoupled
electrical processes that appear mixed at the electrode output [4]. Therefore, it should be
possible to dissociate atrial from ventricular activity in one AEG lead by using the proper
reference signal which, in this case, has been the surface standard lead II by the same reasons
as with AVC. In this case, the dimension is 2× 2 where the observations are composed of the
AEG and lead II, and the sources are the atrial and ventricular components to be dissociated.
The FastICA algorithm was preferred to perform the ICA process due to its fast convergence
and robust performance, previously demonstrated in a variety of different applications [34].
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Figure 6. (a) From top to bottom, Lead II of an organized AF ECG shown for reference, the corresponding epicardial atrial

electrogram (AEG), result of ventricular reduction with average beat subtraction (ABS), adaptive ventricular cancellation (AVC)

and independent component analysis (ICA). (b) This panel plots the same information as panel (a) for a disorganized AF ECG.

Note how ABS does not distort the resulting signal in this latter case [31].

The results provided by ICA in separating the atrial activity from ventricular contamination
in AEGs are considered as better than those provided by ABS or AVC regarding how the
atrial waveforms are preserved and the amount of ventricular residue removed [31], see
Figure 6.

3. Frequency analysis of AF

When an atrial activity signal is available after QRST cancellation, the power spectral analysis
door can be opened for the purpose of locating the dominant atrial frequency. This will be
the first aspect to be addressed in this section. However, it is well known that the fibrillatory
waves present time-dependent properties that may be blurred through a basic spectral
analysis. As a consequence, when more detailed information and robust spectral estimation
are needed, time-frequency analysis may be the way to go. In this respect, concepts like the
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spectral profile or the spectral modeling have proven to be efficient techniques that will be
detailed by the end of this section.

3.1. Power spectral analysis

The computation of power spectral analysis on the atrial activity signal is the most common
approach to determine the DAF [7]. Basically, the technique consist of locating the largest
spectral peak within the power spectrum. The spectrum is usually defined as the discrete
Fourier transform of the autocorrelation function of the signal. In this case, the signal is
the atrial activity which is divided into shorter, overlapping segments, where each segment
is subjected to proper windowing, e.g., using commonly the Welch’s method [35]. Finally,
the desired power spectrum is obtained by averaging the power spectra of the respective
segments.

Primarily there exist two ways to compute the power spectral density of a discrete signal.
First, estimate its autocorrelation function and then take its Fourier transform. Second,
compute the Fourier transform of the signal and, next, square its magnitude to obtain the
periodogram. Normally, the second way is the most commonly applied because of the great
computational efficiency of the fast Fourier transform algorithm [36].

Depending on prior information about the signal, spectral estimation can be divided into two
categories: nonparametric and parametric approaches. Nonparametric approaches explicitly
estimate the autocorrelation function or the power spectral density of the process without any
prior information. On the other hand, parametric approaches assume that the underlying
random process has a certain structure, for example, an autoregressive (AR) model, which
can be described using a small number of parameters and estimate the parameters of the
model [37]. A widely used nonparametric estimation approach is the periodogram, which
is based on the fast Fourier transform (FFT). A common parametric technique is maximum
entropy spectral estimation, which involves fitting the observed signal to an AR model [36].

The raw periodogram is not a statistically stable spectral estimate since there is not much
averaging on its computation. In fact, the periodogram is computed from a finite-length
observed sequence that is sharply truncated. This sharp truncation effectively spreads the
original signal spectrum into other frequencies, which is called spectral leakage [37]. The
spectral leakage problem can be reduced by multiplying the finite sequence by a windowing
function before the FFT computation, which reduces the sequence values gradually rather
than abruptly. In order to reduce the periodogram variance, averaging can be applied.
This modified algorithm is called Welch’s method, which is the most widely used in
nonparametric spectral estimation [35]. In order to increase the number of segments being
averaged in a finite-length sequence, the sequence can be segmented with overlap; for
example, 50% overlap can duplicate the number of segments of the same length [35]. Segment
length can be considered as the most important parameter in AF spectral analysis since
it determines the estimation accuracy of the DAF by restricting spectral resolution. It is
advisable that the segment length is chosen to be at least a few seconds so as to produce an
acceptable variance of the power spectrum [1, 2].

With respect to the surface ECG lead selection for AF power spectral analysis, this lead
use to be V1. This is because lead V1 contains the fibrillatory waves with largest amplitude
and, therefore, the associated DAF peak will be the largest in this lead [12]. As an example of
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Note how ABS does not distort the resulting signal in this latter case [31].

The results provided by ICA in separating the atrial activity from ventricular contamination
in AEGs are considered as better than those provided by ABS or AVC regarding how the
atrial waveforms are preserved and the amount of ventricular residue removed [31], see
Figure 6.

3. Frequency analysis of AF

When an atrial activity signal is available after QRST cancellation, the power spectral analysis
door can be opened for the purpose of locating the dominant atrial frequency. This will be
the first aspect to be addressed in this section. However, it is well known that the fibrillatory
waves present time-dependent properties that may be blurred through a basic spectral
analysis. As a consequence, when more detailed information and robust spectral estimation
are needed, time-frequency analysis may be the way to go. In this respect, concepts like the
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spectral profile or the spectral modeling have proven to be efficient techniques that will be
detailed by the end of this section.

3.1. Power spectral analysis

The computation of power spectral analysis on the atrial activity signal is the most common
approach to determine the DAF [7]. Basically, the technique consist of locating the largest
spectral peak within the power spectrum. The spectrum is usually defined as the discrete
Fourier transform of the autocorrelation function of the signal. In this case, the signal is
the atrial activity which is divided into shorter, overlapping segments, where each segment
is subjected to proper windowing, e.g., using commonly the Welch’s method [35]. Finally,
the desired power spectrum is obtained by averaging the power spectra of the respective
segments.

Primarily there exist two ways to compute the power spectral density of a discrete signal.
First, estimate its autocorrelation function and then take its Fourier transform. Second,
compute the Fourier transform of the signal and, next, square its magnitude to obtain the
periodogram. Normally, the second way is the most commonly applied because of the great
computational efficiency of the fast Fourier transform algorithm [36].

Depending on prior information about the signal, spectral estimation can be divided into two
categories: nonparametric and parametric approaches. Nonparametric approaches explicitly
estimate the autocorrelation function or the power spectral density of the process without any
prior information. On the other hand, parametric approaches assume that the underlying
random process has a certain structure, for example, an autoregressive (AR) model, which
can be described using a small number of parameters and estimate the parameters of the
model [37]. A widely used nonparametric estimation approach is the periodogram, which
is based on the fast Fourier transform (FFT). A common parametric technique is maximum
entropy spectral estimation, which involves fitting the observed signal to an AR model [36].

The raw periodogram is not a statistically stable spectral estimate since there is not much
averaging on its computation. In fact, the periodogram is computed from a finite-length
observed sequence that is sharply truncated. This sharp truncation effectively spreads the
original signal spectrum into other frequencies, which is called spectral leakage [37]. The
spectral leakage problem can be reduced by multiplying the finite sequence by a windowing
function before the FFT computation, which reduces the sequence values gradually rather
than abruptly. In order to reduce the periodogram variance, averaging can be applied.
This modified algorithm is called Welch’s method, which is the most widely used in
nonparametric spectral estimation [35]. In order to increase the number of segments being
averaged in a finite-length sequence, the sequence can be segmented with overlap; for
example, 50% overlap can duplicate the number of segments of the same length [35]. Segment
length can be considered as the most important parameter in AF spectral analysis since
it determines the estimation accuracy of the DAF by restricting spectral resolution. It is
advisable that the segment length is chosen to be at least a few seconds so as to produce an
acceptable variance of the power spectrum [1, 2].

With respect to the surface ECG lead selection for AF power spectral analysis, this lead
use to be V1. This is because lead V1 contains the fibrillatory waves with largest amplitude
and, therefore, the associated DAF peak will be the largest in this lead [12]. As an example of
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Figure 7. Example of AF power spectral analysis. (a) Surface ECG lead V1 from a patient in AF ready to be analyzed. (b) Atrial

activity extracted from lead V1. (c) Atrial activity power spectral density. (d) and (e) Right and left atrium invasive recording

PSDs of a different patient in which a notable frequency contrast between both atria was observed. (f) Surface lead V1 PSD of

the patient in (d) and (e) proving how power spectral analysis can be useful in the study of AF [7].

power spectral analysis of AF, Figure 7 plots several situations related to this analysis. Firstly,
the left panel shows the traditional procedure for AF spectral analysis, where the original
ECG in AF is presented in Fig. 7.a. Next, the extracted atrial activity after QRST cancellation
can be observed in Fig. 7.b. Finally, the power spectrum associated to that activity is shown in
Fig. 7.c. In this example, the atrial activity signal was downsampled to 100Hz and processed
with a Hamming window [38]. Next, a 1024-point FFT was applied and the PSD was
displayed by computing the squared magnitude of each sample frequency. Remark that
the frequency axis use to be traditionally expressed in Hz but, in some studies, clinicians
prefer to express the fibrillatory frequencies in beats per minute (BPM). Furthermore, the
right panel of Fig. 7 shows how AF power spectral analysis of the surface ECG is able to
show the difference in the right and left atrial frequency. Hence, Fig. 7.d shows the right
atrium invasive recording PSD, whereas Fig. 7.e plots the left atrium PSD. Finally, Fig. 7.f
shows the PSD associated to the analysis of surface lead V1 from the same patient [1].

3.2. Time-frequency analysis

As demonstrated previously, power spectral analysis reflects the average signal behavior
during the analyzed time interval, the robust location of the DAF being the main goal
with clinical interest. However, this analysis may not be able to characterize temporal
variations in the DAF. From an electrophysiological point of view, there are solid reasons
to believe that the atrial fibrillatory waves have time-dependent properties, since they reflect
complex patterns of electrical activation wavefronts. Therefore, it is advisable to employ
time-frequency analysis in order to track variations in AF frequency when more detailed
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Figure 8. Spectrogram of a one minute atrial activity signal computed with a 128 point FFT using a 2.5 seconds window

length. Surface leads V1 to V3 are shown for comparison [39].

information is needed [39]. The DAF is known to be influenced by autonomic modulation
and its variations over time have been studied in terms of the effects of parasympathetic and
sympathetic stimulation as well as with respect to circadian rhythm. It has been shown that
AF frequency decreases during the night and increases in the morning [40].

The simplest way to apply time-frequency analysis to AF recordings consists of dividing
the continuous-time atrial signal into short, consecutive and overlapping segments. Next,
each of the segments will be subjected to spectral analysis. The resulting series of spectra
reflects the time-varying nature of the signal [36, 39]. The most common approach to
time-frequency analysis is the nonparametric, i.e., Fourier-based spectral analysis applied to
each AF segment. This operation is known as the short-time Fourier transform (STFT) [41].
In this approach, the definition of the Fourier transform is modified so that a sliding time
window defines each time segment to be analyzed. As a result, a two-dimensional function
will be obtained in which the resolution in time and frequency will always have to be a
trade-off compromise between both domains [37]. In the same way as with the periodogram,
the spectrogram of a signal can be obtained by computing the squared magnitude of
the STFT [41], thus making it possible to get a PSD representation of the signal in the
time-frequency domain. An example on how an AF spectrogram looks like is shown in
Figure 8, where three surface ECG leads are shown for comparison. As can be appreciated,
the DAF trend presents great similarities but, also, some differences between leads. However,
remark that the spectrogram frequency resolution cannot be better because of the time
window length selected.

Because of the conflicting requirements between time and frequency resolution needed to be
satisfied by the STFT, other techniques for time-frequency analysis have been proposed [42].
Basically, while the STFT depends linearly on the signal, these new techniques depend
quadratically, thus providing much better resolution. One of the most successfully applied
time-frequency distribution to AF recordings is the cross Wigner-Ville distribution (XWVD).
Its selection was considered primarily because of its excellent noise performance for signals
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power spectral analysis of AF, Figure 7 plots several situations related to this analysis. Firstly,
the left panel shows the traditional procedure for AF spectral analysis, where the original
ECG in AF is presented in Fig. 7.a. Next, the extracted atrial activity after QRST cancellation
can be observed in Fig. 7.b. Finally, the power spectrum associated to that activity is shown in
Fig. 7.c. In this example, the atrial activity signal was downsampled to 100Hz and processed
with a Hamming window [38]. Next, a 1024-point FFT was applied and the PSD was
displayed by computing the squared magnitude of each sample frequency. Remark that
the frequency axis use to be traditionally expressed in Hz but, in some studies, clinicians
prefer to express the fibrillatory frequencies in beats per minute (BPM). Furthermore, the
right panel of Fig. 7 shows how AF power spectral analysis of the surface ECG is able to
show the difference in the right and left atrial frequency. Hence, Fig. 7.d shows the right
atrium invasive recording PSD, whereas Fig. 7.e plots the left atrium PSD. Finally, Fig. 7.f
shows the PSD associated to the analysis of surface lead V1 from the same patient [1].

3.2. Time-frequency analysis

As demonstrated previously, power spectral analysis reflects the average signal behavior
during the analyzed time interval, the robust location of the DAF being the main goal
with clinical interest. However, this analysis may not be able to characterize temporal
variations in the DAF. From an electrophysiological point of view, there are solid reasons
to believe that the atrial fibrillatory waves have time-dependent properties, since they reflect
complex patterns of electrical activation wavefronts. Therefore, it is advisable to employ
time-frequency analysis in order to track variations in AF frequency when more detailed
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Figure 8. Spectrogram of a one minute atrial activity signal computed with a 128 point FFT using a 2.5 seconds window

length. Surface leads V1 to V3 are shown for comparison [39].

information is needed [39]. The DAF is known to be influenced by autonomic modulation
and its variations over time have been studied in terms of the effects of parasympathetic and
sympathetic stimulation as well as with respect to circadian rhythm. It has been shown that
AF frequency decreases during the night and increases in the morning [40].

The simplest way to apply time-frequency analysis to AF recordings consists of dividing
the continuous-time atrial signal into short, consecutive and overlapping segments. Next,
each of the segments will be subjected to spectral analysis. The resulting series of spectra
reflects the time-varying nature of the signal [36, 39]. The most common approach to
time-frequency analysis is the nonparametric, i.e., Fourier-based spectral analysis applied to
each AF segment. This operation is known as the short-time Fourier transform (STFT) [41].
In this approach, the definition of the Fourier transform is modified so that a sliding time
window defines each time segment to be analyzed. As a result, a two-dimensional function
will be obtained in which the resolution in time and frequency will always have to be a
trade-off compromise between both domains [37]. In the same way as with the periodogram,
the spectrogram of a signal can be obtained by computing the squared magnitude of
the STFT [41], thus making it possible to get a PSD representation of the signal in the
time-frequency domain. An example on how an AF spectrogram looks like is shown in
Figure 8, where three surface ECG leads are shown for comparison. As can be appreciated,
the DAF trend presents great similarities but, also, some differences between leads. However,
remark that the spectrogram frequency resolution cannot be better because of the time
window length selected.

Because of the conflicting requirements between time and frequency resolution needed to be
satisfied by the STFT, other techniques for time-frequency analysis have been proposed [42].
Basically, while the STFT depends linearly on the signal, these new techniques depend
quadratically, thus providing much better resolution. One of the most successfully applied
time-frequency distribution to AF recordings is the cross Wigner-Ville distribution (XWVD).
Its selection was considered primarily because of its excellent noise performance for signals
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Figure 9. Cross Wigner-Ville distribution of the same atrial activity signal presented in Fig. 8. As shown, frequency resolution

has been improved notably [39].

that are long compared to the window length [43], but also because it reflected precisely
the variations in the DAF [39]. In order to illustrate how the XWVD is able to improve
time-frequency analysis in AF, Figure 9 shows the same analyzed lead as in Fig. 8 but, this
time, computed via the XWVD. As can be observed, frequency resolution has been improved
notably, thus allowing to follow subtle changes in the DAF that would remain masked under
STFT analysis [39].
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Figure 10. Block diagram of the spectral profile method for time-frequency analysis of atrial signals. Each new time slice, the

time-frequency distribution is aligned to the spectral profile in order to find estimates of the frequency and amplitude. The

spectral profile is then parameterized and updated [44].

3.3. The spectral profile

The aforementioned spectral analysis techniques had the limitation of only considering the
fundamental spectral peak of the atrial activity, but its harmonics have not been put under
consideration. However, harmonics could improve DAF estimation and, furthermore, their
pattern may be of clinical interest [45]. To alleviate this problem the spectral profile has
been proposed [44], its block diagram being depicted in Figure 10. Its main idea is to
obtain a time-frequency distribution of successive short segments from the atrial signal.
Next, the distribution is decomposed into a spectral profile and a number of parameters
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Figure 11. Illustration of the spectral profile technique for three one-minute recordings of atrial fibrillation. The left panel

shows the logarithmic time-frequency distribution of the atrial signals. The middle panel shows the spectral profile in solid thick

line, the conventional magnitude power spectrum in solid thin line and the fitted spectral line model in dashed line. Finally, the

DAF trend is shown in the right panel.(a) Spectral profile for a rather organized AF. (b) Similar to (a) but with notably larger DAF

variations. (c) A noisy case with a very high DAF together with a large trend variation [44].

able to describe variations in the DAF as well as in the fibrillatory waves morphology are
extracted. Hence, each spectrum is modeled as a frequency-shifted and amplitude-scaled
version of the spectral profile. The transformation to the frequency domain is performed
by using a nonuniform discrete-time Fourier transform with a logarithmic frequency scale.
This particular scale allows for two spectra to be matched by shifting, even though they have
different fundamental frequencies and related harmonics [44].

The spectral profile is dynamically updated from previous spectra, which are matched to
each new spectrum using weighted least squares estimation. The frequency shift needed
to achieve optimal matching then yields a measure on instantaneous fibrillatory rate and
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Figure 9. Cross Wigner-Ville distribution of the same atrial activity signal presented in Fig. 8. As shown, frequency resolution

has been improved notably [39].

that are long compared to the window length [43], but also because it reflected precisely
the variations in the DAF [39]. In order to illustrate how the XWVD is able to improve
time-frequency analysis in AF, Figure 9 shows the same analyzed lead as in Fig. 8 but, this
time, computed via the XWVD. As can be observed, frequency resolution has been improved
notably, thus allowing to follow subtle changes in the DAF that would remain masked under
STFT analysis [39].
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Figure 10. Block diagram of the spectral profile method for time-frequency analysis of atrial signals. Each new time slice, the

time-frequency distribution is aligned to the spectral profile in order to find estimates of the frequency and amplitude. The

spectral profile is then parameterized and updated [44].

3.3. The spectral profile

The aforementioned spectral analysis techniques had the limitation of only considering the
fundamental spectral peak of the atrial activity, but its harmonics have not been put under
consideration. However, harmonics could improve DAF estimation and, furthermore, their
pattern may be of clinical interest [45]. To alleviate this problem the spectral profile has
been proposed [44], its block diagram being depicted in Figure 10. Its main idea is to
obtain a time-frequency distribution of successive short segments from the atrial signal.
Next, the distribution is decomposed into a spectral profile and a number of parameters
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Figure 11. Illustration of the spectral profile technique for three one-minute recordings of atrial fibrillation. The left panel

shows the logarithmic time-frequency distribution of the atrial signals. The middle panel shows the spectral profile in solid thick

line, the conventional magnitude power spectrum in solid thin line and the fitted spectral line model in dashed line. Finally, the

DAF trend is shown in the right panel.(a) Spectral profile for a rather organized AF. (b) Similar to (a) but with notably larger DAF

variations. (c) A noisy case with a very high DAF together with a large trend variation [44].

able to describe variations in the DAF as well as in the fibrillatory waves morphology are
extracted. Hence, each spectrum is modeled as a frequency-shifted and amplitude-scaled
version of the spectral profile. The transformation to the frequency domain is performed
by using a nonuniform discrete-time Fourier transform with a logarithmic frequency scale.
This particular scale allows for two spectra to be matched by shifting, even though they have
different fundamental frequencies and related harmonics [44].

The spectral profile is dynamically updated from previous spectra, which are matched to
each new spectrum using weighted least squares estimation. The frequency shift needed
to achieve optimal matching then yields a measure on instantaneous fibrillatory rate and
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Figure 12. Spectral profile of different atrial signals (dashed line) and the corrected spectral profile obtained by spectral

modeling applying the exclusion criteria (solid line). (a) and (b) atrial activity signals with a considerable amount of QRS residua.

(c) and (d) atrial activities without noise contamination [46].

is trended as a function of time. An important feature of this approach is that, due to the
alignment procedure, the peaks of the spectral profile become more prominent than the
corresponding peaks of the conventional power spectrum. As a result, the spectral profile
lends itself much better to analysis of the harmonics whose amplitudes reflect the shape of
the fibrillatory waveforms and are related with AF organization [44].

Three different examples of the spectral profile technique are shown in Figure 11. Firstly,
Fig. 11.a shows the results of a rather organized case of atrial fibrillation, with a DAF of
about 6 Hz and a variation within 5–7 Hz. The high degree of organization in the signal
is reflected in the presence of two harmonics in the spectral profile (thick solid line in the
middle panel). Comparing the spectral profile to the magnitude spectrum (thin solid line),
it is evident that the fundamental peak of the former spectrum is narrower and that its
harmonics are much more easily discerned. Such a behavior is, of course, expected since
the spectral profile represents an average of spectra from successive signal intervals where
each individual spectrum, prior to averaging, has been shifted such that the fundamental is
optimally aligned to the fundamental frequency of the spectral profile [44]. The example in
Fig. 11.b has a DAF of about 7 Hz with a relatively large variation and one harmonic. Finally,
Fig. 11.c presents a much more disorganized atrial activity, with a DAF around 8.5 Hz and
lack of harmonic behavior. As can be appreciated in the three examples, the spectral profile
notably improves DAF and harmonics estimation, specially in the presence of noisy signals.

3.4. Improved spectral estimation

A drawback of the spectral profile-based method is its lack of control of what goes into
the spectral profile: a spectrum reflecting large QRS residuals is just as influential as a
spectrum reflecting clear atrial activity. Although the spectral profile has a slow adaptation
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rate, making it less sensitive to single noisy segments, a short sequence of bad segments
causes the spectral profile to lose its structure, and thus, the frequency estimates become
incorrect. Furthermore, once the spectral profile has lost its structure, the recovery time until
the frequency estimates are valid again becomes unacceptably long, even if the segments
have an harmonic structure.

Unfortunately, there are clinical situations in which sequences of noisy segments are
common, e.g., during stress testing and ambulatory monitoring and, accordingly, the spectral
profile is bound to become corrupt. Therefore, an improved spectral profile method has been
proposed able to test the spectrum of each data segment before entering the spectral profile
update [46]. A model defined by a superimposition of Gaussian functions, which represent
the peaks of the fundamental and harmonics of the AF spectrum, has been proposed (see
Fig. 12). These parameters are used to decide whether a new spectrum should be included
in the spectral profile or not. The parameters are descriptors of the spectrum and designed
so as to verify if a spectrum exhibits the typical harmonic pattern of AF, i.e., a fundamental
component and, possibly, few harmonics [46].

Finally, a recently presented approach to improve AF spectral estimation is to use a hidden
Markov model (HMM) to enhance noise robustness when tracking the DAF. With a HMM,
short-time frequency estimates that differ significantly from the frequency trend can be
detected and excluded or replaced by estimates based on adjacent frequencies [47]. A Markov
model consists of a finite number of states with predefined state transition probabilities [48].
Based on the observed state sequence, the Viterbi algorithm retrieves the optimal sequence
by exploiting the state transition matrix, incorporating knowledge of AF characteristics, and
the observation matrix, incorporating knowledge of the frequency estimation method and
signal-to-noise ratio [47].

4. Arrhythmia organization

During last years several methods to estimate the degree of AF organization have been
presented. Primarily, organization estimation was introduced making use of invasive
recordings, in which the atrial signal is of notably higher amplitude. However, in recent
years, new methods have emerged in the estimation of organization from surface recordings,
thus been able to provide clinical useful information through very cheap procedures. The
next subsections will describe some of the most recent and extended methods to estimate
atrial fibrillation organization.

4.1. Invasive organization methods

The observation that some degree of organization is present during AF has motivated many
investigators to develop algorithms quantifying this degree of organization. Nevertheless,
the term organization is ambiguous, because of the lack of a standard and common definition
within the context of AF. As a consequence, several methods have been proposed to quantify
different aspects of AF organization, which are related to different electrophysiological
properties or AF mechanisms [49]. According to the number of endocardial recording places
involved in the analysis, single-site measurements [50, 51] provide information on the local
electrical activity of specific atrial areas, while multi-site algorithms [52–54] introduce the
concept of spatial coordination between different regions.
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Figure 12. Spectral profile of different atrial signals (dashed line) and the corrected spectral profile obtained by spectral

modeling applying the exclusion criteria (solid line). (a) and (b) atrial activity signals with a considerable amount of QRS residua.

(c) and (d) atrial activities without noise contamination [46].

is trended as a function of time. An important feature of this approach is that, due to the
alignment procedure, the peaks of the spectral profile become more prominent than the
corresponding peaks of the conventional power spectrum. As a result, the spectral profile
lends itself much better to analysis of the harmonics whose amplitudes reflect the shape of
the fibrillatory waveforms and are related with AF organization [44].

Three different examples of the spectral profile technique are shown in Figure 11. Firstly,
Fig. 11.a shows the results of a rather organized case of atrial fibrillation, with a DAF of
about 6 Hz and a variation within 5–7 Hz. The high degree of organization in the signal
is reflected in the presence of two harmonics in the spectral profile (thick solid line in the
middle panel). Comparing the spectral profile to the magnitude spectrum (thin solid line),
it is evident that the fundamental peak of the former spectrum is narrower and that its
harmonics are much more easily discerned. Such a behavior is, of course, expected since
the spectral profile represents an average of spectra from successive signal intervals where
each individual spectrum, prior to averaging, has been shifted such that the fundamental is
optimally aligned to the fundamental frequency of the spectral profile [44]. The example in
Fig. 11.b has a DAF of about 7 Hz with a relatively large variation and one harmonic. Finally,
Fig. 11.c presents a much more disorganized atrial activity, with a DAF around 8.5 Hz and
lack of harmonic behavior. As can be appreciated in the three examples, the spectral profile
notably improves DAF and harmonics estimation, specially in the presence of noisy signals.

3.4. Improved spectral estimation

A drawback of the spectral profile-based method is its lack of control of what goes into
the spectral profile: a spectrum reflecting large QRS residuals is just as influential as a
spectrum reflecting clear atrial activity. Although the spectral profile has a slow adaptation
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rate, making it less sensitive to single noisy segments, a short sequence of bad segments
causes the spectral profile to lose its structure, and thus, the frequency estimates become
incorrect. Furthermore, once the spectral profile has lost its structure, the recovery time until
the frequency estimates are valid again becomes unacceptably long, even if the segments
have an harmonic structure.

Unfortunately, there are clinical situations in which sequences of noisy segments are
common, e.g., during stress testing and ambulatory monitoring and, accordingly, the spectral
profile is bound to become corrupt. Therefore, an improved spectral profile method has been
proposed able to test the spectrum of each data segment before entering the spectral profile
update [46]. A model defined by a superimposition of Gaussian functions, which represent
the peaks of the fundamental and harmonics of the AF spectrum, has been proposed (see
Fig. 12). These parameters are used to decide whether a new spectrum should be included
in the spectral profile or not. The parameters are descriptors of the spectrum and designed
so as to verify if a spectrum exhibits the typical harmonic pattern of AF, i.e., a fundamental
component and, possibly, few harmonics [46].

Finally, a recently presented approach to improve AF spectral estimation is to use a hidden
Markov model (HMM) to enhance noise robustness when tracking the DAF. With a HMM,
short-time frequency estimates that differ significantly from the frequency trend can be
detected and excluded or replaced by estimates based on adjacent frequencies [47]. A Markov
model consists of a finite number of states with predefined state transition probabilities [48].
Based on the observed state sequence, the Viterbi algorithm retrieves the optimal sequence
by exploiting the state transition matrix, incorporating knowledge of AF characteristics, and
the observation matrix, incorporating knowledge of the frequency estimation method and
signal-to-noise ratio [47].

4. Arrhythmia organization

During last years several methods to estimate the degree of AF organization have been
presented. Primarily, organization estimation was introduced making use of invasive
recordings, in which the atrial signal is of notably higher amplitude. However, in recent
years, new methods have emerged in the estimation of organization from surface recordings,
thus been able to provide clinical useful information through very cheap procedures. The
next subsections will describe some of the most recent and extended methods to estimate
atrial fibrillation organization.

4.1. Invasive organization methods

The observation that some degree of organization is present during AF has motivated many
investigators to develop algorithms quantifying this degree of organization. Nevertheless,
the term organization is ambiguous, because of the lack of a standard and common definition
within the context of AF. As a consequence, several methods have been proposed to quantify
different aspects of AF organization, which are related to different electrophysiological
properties or AF mechanisms [49]. According to the number of endocardial recording places
involved in the analysis, single-site measurements [50, 51] provide information on the local
electrical activity of specific atrial areas, while multi-site algorithms [52–54] introduce the
concept of spatial coordination between different regions.
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Figure 13. Analysis of the local activation waves for AF episodes with different complexity class. From top to bottom, bipolar

electrograms of type I, type II, and type III AF following Wells classification. Filled triangles indicate the time of local activation

waves detection. On the right panels, superposition of the normalized activation times obtained from the signals of the left

panels [9].

Regarding single-site measurements, Wells et al. [55] published one of the earliest studies
examining relative differences in atrial fibrillation electrograms. From right atrial bipolar
electrograms after open-heart surgery, Wells classified atrial fibrillation recordings into four
categories based on the discreteness of the electrograms and the stability of the baseline.
However, the greatest weakness of this method is its subjectivity because it requires manual
interpretation and over-reading of the epicardial recordings. Nonetheless, later works
have implemented automated methods based on these criteria [56]. In this case, the
method was based on comparing diverse features of the parameters describing the dynamic,
morphological and spectral properties of intraatrial bipolar electrograms during AF. Next, by
making use of that parameters an algorithm was designed for automated AF classification.

On the other hand, organization has also been used in the frequency domain. Given that
the AF waveform can be effectively analyzed in the frequency domain, as described in
Section § 3, some authors have hypothesized that analysis of the spectra of short segments of
an interatrial electrogram during AF would show a correlation of the variance of the signal
and the amplitude of harmonic peaks with defibrillation efficacy [51]. Furthermore, the same
authors hypothesized that the spatiotemporal organization of AF would vary over time and
tried to determine the optimal sampling window to optimize defibrillation predictability.

Nonlinear analysis has also been used to evaluate single-site AF electrograms. In this respect
one of the first works specifically applied to atrial fibrillation electrograms was introduced by

Atrial Fibrillation - Mechanisms and Treatment170
Applications of Signal Analysis to Atrial Fibrillation 17

10.5772/53409

Hoekstra et al. [57]. They analyzed epicardial mapping data obtained from atrial fibrillation
patients undergoing surgical correction of an accessory pathway. The nonlinear applied
techniques were correlation dimension and correlation entropy on the epicardial signals. It
was found that these measures discriminated between the various types of electrograms as
defined by Wells, thus suggesting that nonlinear dynamics plays a relevant role in atrial
fibrillation and can also be used to quantify AF organization.

Finally, one interesting work quantifying AF organization from single-site measurements
was introduced by Faes et al. [9] and relied on wave morphology similarity. The algorithm
quantified the regularity of an atrial electrogram by measuring the extent of repetitiveness
over time of its consecutive activation waves. Since the analysis was focused on the shape
of the waveforms occurring in correspondence to the local activations of the atrial tissue, the
morphology of the atrial activations was the element by which the algorithm differentiated
among various degrees of AF organization. As an example, Figure 13 plots the local
activation waves associated to three different AF episodes with different complexity. As can
be seen, the method is able to generate a pattern which, later, can be quantified following
the organization criteria. The same team introduced an automatic organization estimation
method based on features extraction, selection and classification of the AF patterns [58].

With respect to multi-site measurements, this viewpoint would imply that activity at one
site should be judged in relation to the activity at another site. Furthermore, when
distances between the recording sites are known, and especially when more than two sites
are used to compute the organization, spatial organization concepts are also incorporated
into these measures [11]. One interesting comparison of methods for estimating AF
synchronization between two atrial sites was published by Sih et al. [53]. In this study,
after filtering and scaling short segments (300 ms) of atrial fibrillation, the electrograms
were passed through two parallel linear adaptive filters, as shown in Figure 14. One way
of interpreting an adaptive filter is that it attempts to predict one electrogram through
linear filtering of a second electrogram. If the two electrograms are linearly related, then
the prediction process would theoretically be perfect. However, if there are non-linearities
between the electrograms, the adaptive filter would yield a prediction error. This algorithm
defines organization according to the prediction errors from the parallel adaptive filters.
The algorithm was theoretically extensible to account for non-linear relationships between
electrograms by simply altering the nature of the adaptive filters. This group used the
algorithm to quantify organization differences between acute and chronic models of atrial
fibrillation [59].

Other works have quantified AF organization between two different atrial sites making use
of nonlinear techniques. In this way, Censi et al. [60] quantified the duration of stable
recurrence patterns through the use of recurrent plots as well as a measure of entropy in
the recurrence plots. The authors suggested that there may exist nonlinear relationships
between electrograms from the right versus the left atrium that would otherwise be missed
by algorithms relying on linear analyses.

Finally, cardiac mapping tools have brought a wealth of information to cardiac
electrophysiology, where the concept of a combined spatial and temporal organization is
most easily realized. Within this context, the concept of coupling between several endocardial
signal has been introduced. In this respect a two-dimensional analysis by evaluating the
simultaneous presence of morphological similarity in two endocardial signals, in order
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Figure 13. Analysis of the local activation waves for AF episodes with different complexity class. From top to bottom, bipolar

electrograms of type I, type II, and type III AF following Wells classification. Filled triangles indicate the time of local activation

waves detection. On the right panels, superposition of the normalized activation times obtained from the signals of the left

panels [9].

Regarding single-site measurements, Wells et al. [55] published one of the earliest studies
examining relative differences in atrial fibrillation electrograms. From right atrial bipolar
electrograms after open-heart surgery, Wells classified atrial fibrillation recordings into four
categories based on the discreteness of the electrograms and the stability of the baseline.
However, the greatest weakness of this method is its subjectivity because it requires manual
interpretation and over-reading of the epicardial recordings. Nonetheless, later works
have implemented automated methods based on these criteria [56]. In this case, the
method was based on comparing diverse features of the parameters describing the dynamic,
morphological and spectral properties of intraatrial bipolar electrograms during AF. Next, by
making use of that parameters an algorithm was designed for automated AF classification.

On the other hand, organization has also been used in the frequency domain. Given that
the AF waveform can be effectively analyzed in the frequency domain, as described in
Section § 3, some authors have hypothesized that analysis of the spectra of short segments of
an interatrial electrogram during AF would show a correlation of the variance of the signal
and the amplitude of harmonic peaks with defibrillation efficacy [51]. Furthermore, the same
authors hypothesized that the spatiotemporal organization of AF would vary over time and
tried to determine the optimal sampling window to optimize defibrillation predictability.

Nonlinear analysis has also been used to evaluate single-site AF electrograms. In this respect
one of the first works specifically applied to atrial fibrillation electrograms was introduced by
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Hoekstra et al. [57]. They analyzed epicardial mapping data obtained from atrial fibrillation
patients undergoing surgical correction of an accessory pathway. The nonlinear applied
techniques were correlation dimension and correlation entropy on the epicardial signals. It
was found that these measures discriminated between the various types of electrograms as
defined by Wells, thus suggesting that nonlinear dynamics plays a relevant role in atrial
fibrillation and can also be used to quantify AF organization.

Finally, one interesting work quantifying AF organization from single-site measurements
was introduced by Faes et al. [9] and relied on wave morphology similarity. The algorithm
quantified the regularity of an atrial electrogram by measuring the extent of repetitiveness
over time of its consecutive activation waves. Since the analysis was focused on the shape
of the waveforms occurring in correspondence to the local activations of the atrial tissue, the
morphology of the atrial activations was the element by which the algorithm differentiated
among various degrees of AF organization. As an example, Figure 13 plots the local
activation waves associated to three different AF episodes with different complexity. As can
be seen, the method is able to generate a pattern which, later, can be quantified following
the organization criteria. The same team introduced an automatic organization estimation
method based on features extraction, selection and classification of the AF patterns [58].

With respect to multi-site measurements, this viewpoint would imply that activity at one
site should be judged in relation to the activity at another site. Furthermore, when
distances between the recording sites are known, and especially when more than two sites
are used to compute the organization, spatial organization concepts are also incorporated
into these measures [11]. One interesting comparison of methods for estimating AF
synchronization between two atrial sites was published by Sih et al. [53]. In this study,
after filtering and scaling short segments (300 ms) of atrial fibrillation, the electrograms
were passed through two parallel linear adaptive filters, as shown in Figure 14. One way
of interpreting an adaptive filter is that it attempts to predict one electrogram through
linear filtering of a second electrogram. If the two electrograms are linearly related, then
the prediction process would theoretically be perfect. However, if there are non-linearities
between the electrograms, the adaptive filter would yield a prediction error. This algorithm
defines organization according to the prediction errors from the parallel adaptive filters.
The algorithm was theoretically extensible to account for non-linear relationships between
electrograms by simply altering the nature of the adaptive filters. This group used the
algorithm to quantify organization differences between acute and chronic models of atrial
fibrillation [59].

Other works have quantified AF organization between two different atrial sites making use
of nonlinear techniques. In this way, Censi et al. [60] quantified the duration of stable
recurrence patterns through the use of recurrent plots as well as a measure of entropy in
the recurrence plots. The authors suggested that there may exist nonlinear relationships
between electrograms from the right versus the left atrium that would otherwise be missed
by algorithms relying on linear analyses.

Finally, cardiac mapping tools have brought a wealth of information to cardiac
electrophysiology, where the concept of a combined spatial and temporal organization is
most easily realized. Within this context, the concept of coupling between several endocardial
signal has been introduced. In this respect a two-dimensional analysis by evaluating the
simultaneous presence of morphological similarity in two endocardial signals, in order
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Figure 14. Example of a multi-site AF organization method based on the application of adaptive filtering to the electrograms

under study. If there are nonlinearities between the two electrograms, the adaptive filters would yield a concrete prediction

error, thus allowing to quantify the degree of synchronization between the electrograms [53].

to quantify their degree of coupling has been introduced [49]. The method considers
the atrial activation times on every recording place and estimates the cross-probability of
finding similar local activation waves between the considered recordings places, as shown
in Figure 15. On the other hand, Mainardi et al. [54] introduced a comparative study for
the analysis among atrial electrical activities in different sites during AF. They characterized
the properties of pairs between atrial signals making use of a linear parameter obtained
from the cross-correlation function and by a nonlinear association estimator. Furthermore,
they also studied synchronization through the application of an index based on the corrected
cross-conditional entropy [61]. The most recent advances in the study of propagation patterns
in AF have been introduced by Richter and co-workers. They investigated propagation
patterns in intracardiac signals using a approach based on partial directed coherence, which
evaluated directional coupling between multiple signals in the frequency domain [62].
Furthermore, the same team recently presented an improvement in propagation pattern
analysis based on sparse modeling through the use of the partial directed coherence function
derived from fitting a multivariate autoregresive model to the observed signal [63].
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Figure 15. Example of regularity and coupling indices obtained for endocardial signals recorded by a multipolar basket catheter

in the human right atrium during AF. (a) Schematic representation of the internal surface of the right atrium with the position

of the sites of bipolar signal acquisition. (b) Endocardial recordings taken during AF, from the four electrodes placed in the

postero-lateral wall along with the detected activation times (circles). The regularity index (ρ) associated with the four signals

and the coupling (χ) between pairs of signals recorded on adjacent sites are indicated [49].

4.2. Surface organization methods

From a clinical point of view, the assessment of AF organization from the standard surface
ECG would be very interesting, because it can be easily and cheaply obtained and could avoid
the risks associated to invasive procedures [12]. However, only few indirect non-invasive AF
organization estimates from this recording have been proposed in the literature. Firstly, the
DAF, which has been described in Section § 3. Its inverse has been directly related to atrial
refractoriness [64] and, hence, to atrial cycle length [5]. Moreover, it has been suggested
that the DAF is directly related to the number of simultaneous wavelets [65]. On the other
hand, the second way to get a non-invasive estimate of AF organization has been based on
a nonlinear regularity index, such as sample entropy [66]. This index has been proposed
to estimate the amount of repetitive patterns existing in the fibrillatory waves from the
fundamental waveform of the atrial activity signal, which have been named as main atrial
wave (MAW) in the literature. Through the application of sample entropy to the MAW, it has
been possible to predict a number of AF-reated events. For example, the onset of paroxysmal
AF, its spontaneous termination, its time course from the beginning up to the end of the
episode or the outcome of electrical cardioversion in persistent AF [10].

Obviously, the drawback of non-invasive organization estimation is the lack of strict accuracy
in the process, given that both sample entropy and DAF are only able to assess fibrillatory
waves regularity indirectly. However they have been recently validated by comparison with
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under study. If there are nonlinearities between the two electrograms, the adaptive filters would yield a concrete prediction

error, thus allowing to quantify the degree of synchronization between the electrograms [53].

to quantify their degree of coupling has been introduced [49]. The method considers
the atrial activation times on every recording place and estimates the cross-probability of
finding similar local activation waves between the considered recordings places, as shown
in Figure 15. On the other hand, Mainardi et al. [54] introduced a comparative study for
the analysis among atrial electrical activities in different sites during AF. They characterized
the properties of pairs between atrial signals making use of a linear parameter obtained
from the cross-correlation function and by a nonlinear association estimator. Furthermore,
they also studied synchronization through the application of an index based on the corrected
cross-conditional entropy [61]. The most recent advances in the study of propagation patterns
in AF have been introduced by Richter and co-workers. They investigated propagation
patterns in intracardiac signals using a approach based on partial directed coherence, which
evaluated directional coupling between multiple signals in the frequency domain [62].
Furthermore, the same team recently presented an improvement in propagation pattern
analysis based on sparse modeling through the use of the partial directed coherence function
derived from fitting a multivariate autoregresive model to the observed signal [63].
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4.2. Surface organization methods

From a clinical point of view, the assessment of AF organization from the standard surface
ECG would be very interesting, because it can be easily and cheaply obtained and could avoid
the risks associated to invasive procedures [12]. However, only few indirect non-invasive AF
organization estimates from this recording have been proposed in the literature. Firstly, the
DAF, which has been described in Section § 3. Its inverse has been directly related to atrial
refractoriness [64] and, hence, to atrial cycle length [5]. Moreover, it has been suggested
that the DAF is directly related to the number of simultaneous wavelets [65]. On the other
hand, the second way to get a non-invasive estimate of AF organization has been based on
a nonlinear regularity index, such as sample entropy [66]. This index has been proposed
to estimate the amount of repetitive patterns existing in the fibrillatory waves from the
fundamental waveform of the atrial activity signal, which have been named as main atrial
wave (MAW) in the literature. Through the application of sample entropy to the MAW, it has
been possible to predict a number of AF-reated events. For example, the onset of paroxysmal
AF, its spontaneous termination, its time course from the beginning up to the end of the
episode or the outcome of electrical cardioversion in persistent AF [10].

Obviously, the drawback of non-invasive organization estimation is the lack of strict accuracy
in the process, given that both sample entropy and DAF are only able to assess fibrillatory
waves regularity indirectly. However they have been recently validated by comparison with
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Figure 16. Delineation of the fibrillatory waves for typical 4 second segments corresponding to (a) type I, (b) type II and (c) type

III AF episodes, respectively. For each segment, the ECG and atrial activity, after QRST cancellation, are displayed. The upper

black circles mark the maximum associated to each activation, whereas lower gray circles indicate their boundaries [70].

invasive recordings [67]. On the other hand, an additional disadvantage of these estimators is
that the proper DAF identification in the AA spectral content, computed via the fast Fourier
transform, depends significantly on the analyzed segment length, because it determines the
spectral resolution [68]. It is advisable that segment length is chosen to be, at least, several
seconds for an appropriate DAF identification and to produce an acceptable variance of the
frequency estimate [69]. On the other hand, although AF organization could be successfully
estimated by analyzing a segment as short as 1 second with sample entropy, the proper MAW
obtention depends on an adequate DAF computation [10]. Thereby, it could be considered
that the two aforesaid estimators can only yield an average AF organization assessment, thus
blurring the possible information carried by each single activation.

One solution to the aforementioned limitations has been recently proposed which is
able to quantify directly and in short-time AF organization from the surface ECG. The
method quantifies every single fibrillatory wave regularity by measuring how repetitive
its morphology is along onward atrial activations [70]. Basically, the atrial activity was
delineated through mathematical morphology operators [71]. A combination of erosion and
dilation operations was applied to the atrial activity with two structuring elements. The
first one was adapted to the fibrillatory waves by an even triangular shape with duration
proportional to the DAF. The second was designed as a rectangular shape of length larger to
the DAF to suppress the drift between atrial cycles [70]. Finally, the resulting impulsive
signal was used to extract atrial activations by peak detection [70]. An example of the
potential applications offered by this method, able to work from the surface ECG, is shown
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in Figure 16 where several recordings and the corresponding delineation result have been
plotted. As can be observed, the method is able to provide precise and automatic fibrillatory
waves delineation, making it possible to quantify non-invasively AF organization in short
time.

5. Conclusions

The recent advances in signal analysis and processing have provided powerful solutions
for the improved knowledge of atrial fibrillation. In this respect, intensive research has
been carried out to separate atrial activity from ventricular activity in the ECG and invasive
recordings. Furthermore, the proper extraction of an atrial signal has opened the possibilities
of developing advanced analysis techniques to gain as much information as possible on
the fibrillatory waves. Within this context, relevant information, like the atrial fibrillatory
frequency or arrhythmia organization, have been reliably assessed from surface and invasive
recordings using digital signal processing methods.
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seconds for an appropriate DAF identification and to produce an acceptable variance of the
frequency estimate [69]. On the other hand, although AF organization could be successfully
estimated by analyzing a segment as short as 1 second with sample entropy, the proper MAW
obtention depends on an adequate DAF computation [10]. Thereby, it could be considered
that the two aforesaid estimators can only yield an average AF organization assessment, thus
blurring the possible information carried by each single activation.

One solution to the aforementioned limitations has been recently proposed which is
able to quantify directly and in short-time AF organization from the surface ECG. The
method quantifies every single fibrillatory wave regularity by measuring how repetitive
its morphology is along onward atrial activations [70]. Basically, the atrial activity was
delineated through mathematical morphology operators [71]. A combination of erosion and
dilation operations was applied to the atrial activity with two structuring elements. The
first one was adapted to the fibrillatory waves by an even triangular shape with duration
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in Figure 16 where several recordings and the corresponding delineation result have been
plotted. As can be observed, the method is able to provide precise and automatic fibrillatory
waves delineation, making it possible to quantify non-invasively AF organization in short
time.

5. Conclusions

The recent advances in signal analysis and processing have provided powerful solutions
for the improved knowledge of atrial fibrillation. In this respect, intensive research has
been carried out to separate atrial activity from ventricular activity in the ECG and invasive
recordings. Furthermore, the proper extraction of an atrial signal has opened the possibilities
of developing advanced analysis techniques to gain as much information as possible on
the fibrillatory waves. Within this context, relevant information, like the atrial fibrillatory
frequency or arrhythmia organization, have been reliably assessed from surface and invasive
recordings using digital signal processing methods.
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1. Introduction

Analysis of cardiac time series by nonlinear metrics has recently gained great interest,
because the latter observations suggest that the mechanisms involved in cardiovascular
regulation likely interact with each other in a nonlinear way [1]. Furthermore, chaotic
behavior can be appreciated in the diseased heart with atrial fibrillation (AF) at cellular
level and atrial electrophysiological remodeling during this arrhythmia is a far-from-linear
process [2]. Hence, the purpose of this chapter is to review the use of nonlinear methods in
the analysis of AF, highlighting the clinically useful revealed information that can improve
the understanding of this arrhythmia mechanisms and the existing treatments.

Considering that the atrial activity (AA) can be viewed as uncoupled to the ventricular
activity (VA) during AF [3], the applications of nonlinear metrics to AA and VA are
addressed separately. Regarding the AA study, different measures of irregularity, chaos
and complexity of time series have provided a successful assessment of the fibrillatory ( f )
wave regularity from both single-lead invasive and surface recordings. This evaluation
of temporal organization of AF has been directly associated with the number of active
reentries wandering throughout the atrial tissue [4], which maintain and can perpetuate
the arrhythmia [5, 6]. In agreement with this relation, nonlinear metrics have shown
powerful prognostic information in the prediction of AF organization-dependent events,
including spontaneous termination of paroxysmal AF, successful electrical cardioversion
(ECV) of persistent AF patients, atrial remodeling time course during the arrhythmia or
infusion effects of different drugs. In addition, these nonlinear analysis methods have also
been applied to every signal collected by basked catheters, thus providing an estimation
of spatial organization of AF by comparing different atrial sites. On the other hand, the
application of nonlinear coupling approaches to intraatrial electrograms (EGMs) recorded
simultaneously from different atrial places has reveal differences in the spatio-temporal
organization of AF consistent with clinical studies [7]. Thus, differences between paroxysmal
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1. Introduction

Analysis of cardiac time series by nonlinear metrics has recently gained great interest,
because the latter observations suggest that the mechanisms involved in cardiovascular
regulation likely interact with each other in a nonlinear way [1]. Furthermore, chaotic
behavior can be appreciated in the diseased heart with atrial fibrillation (AF) at cellular
level and atrial electrophysiological remodeling during this arrhythmia is a far-from-linear
process [2]. Hence, the purpose of this chapter is to review the use of nonlinear methods in
the analysis of AF, highlighting the clinically useful revealed information that can improve
the understanding of this arrhythmia mechanisms and the existing treatments.

Considering that the atrial activity (AA) can be viewed as uncoupled to the ventricular
activity (VA) during AF [3], the applications of nonlinear metrics to AA and VA are
addressed separately. Regarding the AA study, different measures of irregularity, chaos
and complexity of time series have provided a successful assessment of the fibrillatory ( f )
wave regularity from both single-lead invasive and surface recordings. This evaluation
of temporal organization of AF has been directly associated with the number of active
reentries wandering throughout the atrial tissue [4], which maintain and can perpetuate
the arrhythmia [5, 6]. In agreement with this relation, nonlinear metrics have shown
powerful prognostic information in the prediction of AF organization-dependent events,
including spontaneous termination of paroxysmal AF, successful electrical cardioversion
(ECV) of persistent AF patients, atrial remodeling time course during the arrhythmia or
infusion effects of different drugs. In addition, these nonlinear analysis methods have also
been applied to every signal collected by basked catheters, thus providing an estimation
of spatial organization of AF by comparing different atrial sites. On the other hand, the
application of nonlinear coupling approaches to intraatrial electrograms (EGMs) recorded
simultaneously from different atrial places has reveal differences in the spatio-temporal
organization of AF consistent with clinical studies [7]. Thus, differences between paroxysmal
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and persistent AF episodes and among patients with different organization degree,
classified by following Wells’ criteria [8], have been statistically detected. Moreover,
patients successfully cardioverted making use of anti-arrhythmic drugs or ECV have been
appropriately identified. Finally, with regard to the VA analysis, ventricular response has
been widely characterized by quantifying nonlinear dynamics in interval series between
successive R peaks, i.e., RR-interval series [9]. In this respect, multiple measures of fractal
fluctuations, irregularity and geometric structure of time series have shown ability to evaluate
the cardiovascular autonomic regulation before, during and after AF onset and characterize
the main electrophysiological characteristics of the atrioventricular (AV) node.

2. Preprocessing of cardiac recordings

Prior to the application of nonlinear indices to surface ECG recordings and intraatrial EGMs,
they requires at least the basic preprocessing described in the following subsections.

2.1. Surface ECG recording

The surface ECG recording provides a widely used and non-invasive way to study AF.
Some advantages of using the ECG include the ability to record data for a long period of
time and the minimal costs and risks involved for the patient, in comparison with invasive
procedures [10]. However, because of ECG represents the heart’s electrical activity recorded
on the thorax’s surface, the signal is corrupted by different types of noise, which are picked
up by the volume conductor constituting the human body. Thereby, in order to improve
later analysis, these recordings need to be preprocessed. Filtering operations have been
typically applied to the ECG for the reduction of noise sources, like baseline wandering, high
frequency noise and powerline interference [11]. Thus, baseline wander is often removed
making use of high-pass filtering (0.5 Hz cut-off frequency), high frequency noise with a
low-pass filtering (70 Hz cut-off frequency) and powerline interference with an adaptive
notch filtering.

Additionally, the f wave analysis from surface ECG recordings is complicated by the
simultaneous presence of VA, which is of much higher amplitude. Thereby, the dissociation
of atrial and ventricular components is mandatory [12]. Nowadays, several methods to
extract the AA signal from surface ECG recordings exist. The most powerful techniques
are those that exploit the spatial diversity of the multilead ECG, such as the method that
solves the blind source separation problem [3] or the spatiotemporal QRST cancellation
strategy [13]. However, the performance of these techniques is seriously reduced when
recordings are obtained from Holter systems for paroxysmal AF analysis. The reason is
that, generally, Holter systems use no more than two or three leads, which are not enough
to exploit the ECG spatial information. For single-lead applications, the most widely used
alternative to extract the AA is the averaged beat subtraction (ABS). This method relies on
the assumption that the average beat can represent, approximately, each individual beat [12].
Recently, a variety of extensions for this method have been proposed [12, 14].

2.2. Intraatrial EGM

Nowadays, a variety of intraatrial recording modalities exists, such as bipolar and unipolar
recordings from endocardial and epicardial electrodes, optical mapping and noncontact
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mapping [15]. Although recordings from each one of these modalities have their own
characteristics, unipolar recordings are generally characterized by a substantial far-field
contamination, such as VA, whereas bipolar recordings contains local atrial activations of the
place in which the electrodes are located. Nonetheless, these recordings are also affected by
ventricular interference, especially in recording sites closer to the ventricles, even if its effect
is less evident than on unipolar EGMs and surface ECG recordings. Thereby, for the VA
cancellation both from unipolar and bipolar recordings, an averaged ventricular interference
complex, as in ABS, is usually computed and subtracted from each atrial signal [16, 17]. Only
remark that the ventricular activations are habitually detected from a surface ECG recording
simultaneously acquired for more accuracy.

On the other hand, given that atrial dynamics can be analyzed both from simple EGMs
and local atrial period (LAP) series, i.e., the sequence of temporal distances between
two consecutive local atrial activations, the appropriate identification of these points is a
important task in this context. For this purpose, EGMs are habitually high-pass filtering
(40–250 Hz) to remove baseline shifts and high-frequency noise [18]. The filtered signal
is then rectified, introducing low-frequency components related to the amplitude of the
high-frequency oscillations of the original signal. The modulus of the filtered signal is further
low-pass filtered (cut-off at 20 Hz) to extract a waveform proportional to the amplitude of the
components of occurring at 40–250 Hz. The atrial activations are then detected by threshold
crossing and their occurrence time can be identified by different methods, including the local
maximum peak, maximum slope of the atrial depolarization or their barycenter [19].

3. Nonlinear time series analysis

3.1. Fractal fluctuations quantification

The dynamics of a time series can be explored through its correlation properties, or in
other words, the time ordering of the series. Fractal analysis is an appropriate method to
characterize complex time series by focusing on the time-evolutionary properties on the data
series and on their correlation properties. In this context, the detrended fluctuation analysis
(DFA) method was developed specifically to distinguish between intrinsic fluctuations
generated by complex systems and those caused by external or environmental stimuli
acting on the system [20]. The DFA method can quantify the temporal organization of
the fluctuations in a given non-stationary time series by a single scaling exponent α, a
self-similarity parameter that represents the long-range power-law correlation properties of
the signal. The scaling exponent α is obtained by computing the root-mean-square fluctuation
F(n) of integrated and detrended time series at different observation windows of size n and
plotting F(n) against n on a log-log scale. Fractal signals are characterized by a power law
relation between the average magnitudes of the fluctuations F(n) and the number of points
n, F(n) ∼ nα. The slope of the regression line relating log(F(n)) to log(n) determines the
scaling exponent α.

3.2. Chaos degree quantification

The principle of chaos analysis is to transform the properties of a time series into the
topological properties of a geometrical object (attractor) constructed out of a time series,
which is embedded in a state/phase space. The concept of phase space reconstruction is central
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and persistent AF episodes and among patients with different organization degree,
classified by following Wells’ criteria [8], have been statistically detected. Moreover,
patients successfully cardioverted making use of anti-arrhythmic drugs or ECV have been
appropriately identified. Finally, with regard to the VA analysis, ventricular response has
been widely characterized by quantifying nonlinear dynamics in interval series between
successive R peaks, i.e., RR-interval series [9]. In this respect, multiple measures of fractal
fluctuations, irregularity and geometric structure of time series have shown ability to evaluate
the cardiovascular autonomic regulation before, during and after AF onset and characterize
the main electrophysiological characteristics of the atrioventricular (AV) node.

2. Preprocessing of cardiac recordings

Prior to the application of nonlinear indices to surface ECG recordings and intraatrial EGMs,
they requires at least the basic preprocessing described in the following subsections.

2.1. Surface ECG recording

The surface ECG recording provides a widely used and non-invasive way to study AF.
Some advantages of using the ECG include the ability to record data for a long period of
time and the minimal costs and risks involved for the patient, in comparison with invasive
procedures [10]. However, because of ECG represents the heart’s electrical activity recorded
on the thorax’s surface, the signal is corrupted by different types of noise, which are picked
up by the volume conductor constituting the human body. Thereby, in order to improve
later analysis, these recordings need to be preprocessed. Filtering operations have been
typically applied to the ECG for the reduction of noise sources, like baseline wandering, high
frequency noise and powerline interference [11]. Thus, baseline wander is often removed
making use of high-pass filtering (0.5 Hz cut-off frequency), high frequency noise with a
low-pass filtering (70 Hz cut-off frequency) and powerline interference with an adaptive
notch filtering.

Additionally, the f wave analysis from surface ECG recordings is complicated by the
simultaneous presence of VA, which is of much higher amplitude. Thereby, the dissociation
of atrial and ventricular components is mandatory [12]. Nowadays, several methods to
extract the AA signal from surface ECG recordings exist. The most powerful techniques
are those that exploit the spatial diversity of the multilead ECG, such as the method that
solves the blind source separation problem [3] or the spatiotemporal QRST cancellation
strategy [13]. However, the performance of these techniques is seriously reduced when
recordings are obtained from Holter systems for paroxysmal AF analysis. The reason is
that, generally, Holter systems use no more than two or three leads, which are not enough
to exploit the ECG spatial information. For single-lead applications, the most widely used
alternative to extract the AA is the averaged beat subtraction (ABS). This method relies on
the assumption that the average beat can represent, approximately, each individual beat [12].
Recently, a variety of extensions for this method have been proposed [12, 14].

2.2. Intraatrial EGM

Nowadays, a variety of intraatrial recording modalities exists, such as bipolar and unipolar
recordings from endocardial and epicardial electrodes, optical mapping and noncontact
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mapping [15]. Although recordings from each one of these modalities have their own
characteristics, unipolar recordings are generally characterized by a substantial far-field
contamination, such as VA, whereas bipolar recordings contains local atrial activations of the
place in which the electrodes are located. Nonetheless, these recordings are also affected by
ventricular interference, especially in recording sites closer to the ventricles, even if its effect
is less evident than on unipolar EGMs and surface ECG recordings. Thereby, for the VA
cancellation both from unipolar and bipolar recordings, an averaged ventricular interference
complex, as in ABS, is usually computed and subtracted from each atrial signal [16, 17]. Only
remark that the ventricular activations are habitually detected from a surface ECG recording
simultaneously acquired for more accuracy.

On the other hand, given that atrial dynamics can be analyzed both from simple EGMs
and local atrial period (LAP) series, i.e., the sequence of temporal distances between
two consecutive local atrial activations, the appropriate identification of these points is a
important task in this context. For this purpose, EGMs are habitually high-pass filtering
(40–250 Hz) to remove baseline shifts and high-frequency noise [18]. The filtered signal
is then rectified, introducing low-frequency components related to the amplitude of the
high-frequency oscillations of the original signal. The modulus of the filtered signal is further
low-pass filtered (cut-off at 20 Hz) to extract a waveform proportional to the amplitude of the
components of occurring at 40–250 Hz. The atrial activations are then detected by threshold
crossing and their occurrence time can be identified by different methods, including the local
maximum peak, maximum slope of the atrial depolarization or their barycenter [19].

3. Nonlinear time series analysis

3.1. Fractal fluctuations quantification

The dynamics of a time series can be explored through its correlation properties, or in
other words, the time ordering of the series. Fractal analysis is an appropriate method to
characterize complex time series by focusing on the time-evolutionary properties on the data
series and on their correlation properties. In this context, the detrended fluctuation analysis
(DFA) method was developed specifically to distinguish between intrinsic fluctuations
generated by complex systems and those caused by external or environmental stimuli
acting on the system [20]. The DFA method can quantify the temporal organization of
the fluctuations in a given non-stationary time series by a single scaling exponent α, a
self-similarity parameter that represents the long-range power-law correlation properties of
the signal. The scaling exponent α is obtained by computing the root-mean-square fluctuation
F(n) of integrated and detrended time series at different observation windows of size n and
plotting F(n) against n on a log-log scale. Fractal signals are characterized by a power law
relation between the average magnitudes of the fluctuations F(n) and the number of points
n, F(n) ∼ nα. The slope of the regression line relating log(F(n)) to log(n) determines the
scaling exponent α.

3.2. Chaos degree quantification

The principle of chaos analysis is to transform the properties of a time series into the
topological properties of a geometrical object (attractor) constructed out of a time series,
which is embedded in a state/phase space. The concept of phase space reconstruction is central
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to the analysis of nonlinear dynamics. A valid phase space is any vector space in which
the state of the dynamical system can be unequivocally defined at any point [21]. The most
used way of reconstructing the full dynamics of the system from scalar time measurements is
based on the embedding theorem [21], which justifies the transformation of a time series into
a m-dimensional multivariate time series. This is done by associating to each m successive
samples distant a certain number τ of samples, a point in the phase space.

Several methods and algorithms are currently available to characterize a reconstructed phase
space. Thus, two features widely used to emphasize the geometrical properties of the
attractor are the correlation dimension (CD) and the correlation entropy (CorEn). The CD is a
measure of the dimensionality of the attractor, i.e., of the organization of points in the phase
space. Although there are several algorithms for its estimation, the CD can be computed
by first calculating the correlation sum of the time series, which is defined as the number
of points in the phase space that are closer than a certain threshold r [21]. Then, the CD is
defined as the slope of the line fitting the log-log plot of the correlation sum as a function of
the threshold. On the other hand, the CorEn is a measure of how fast the distance between
two initially nearby states in phase space grows in time. This can be envisaged by taking a
point in the reconstructed phase space, which corresponds to a segment in the time series.
Another point in phase space located closely to the first one refers to a different segment in
the time series. Thus, the CorEn is a measure of how fast these time segments loose their
resemblance when both the segments are lengthened.

Lyapunov exponents (LEs) are also found habitually in the literature to enhance the dynamics
of trajectories in the phase space. Precisely, these exponents quantify the exponential
divergence or convergence of initially close phase space trajectories. LEs quantify also the
amount of instability or predictability of the process. An m-dimensional dynamical system
has m exponents but in most applications it is sufficient to compute only the largest LE (LLE),
which can be computed as follows. First, a starting point is selected in the reconstructed
phase space and all the points which are closer to this point than a predetermined distance,
ǫ, are found. Then the average value of the distances between the trajectory of the initial
point and the trajectories of the neighboring points are calculated as the system evolves. The
slope of the line obtained by plotting the logarithms of these average values versus time gives
the LLE. To remove the dependence of calculated values on the starting point, the procedure
is repeated for different starting points and the LLE is taking as the average.

3.3. Information content quantification

Symbolic time series analysis involves the transformation of the original time series into a
series of discrete symbols that are processed to extract useful information about the state
of the system generating the process [20]. The first step of symbolic time series analysis
is, hence, the transformation of the time series into a symbolic/binary sequence using
a context-dependent symbolization procedure. After symbolization, the next step is the
construction of words from the symbol series by collecting groups of symbols together in
temporal order. This process typically involves definition of a finite word-length template
that can be moved along the symbol series one step at a time, each step revealing a new
sequence.

Quantitative measures of word sequence frequencies include statistics of words (word
frequency or transition probabilities between words) and information theoretic based on
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entropy measures. Thus, a complexity measures widely used is the proposed by Lempel
and Ziv [20], which will be referred to as Lempel-Ziv complexity (LZC). This metric provides
a measure of complexity related to the number of distinct substrings and the rate of their
occurrence along a given sequence, larger values of LZC corresponding to more complex
series. Another metric habitually used is the Shannon entropy (ShEn) [21]. This index gives
a number that characterize the probability that different words occur. Thus, counting the
relative frequency of each word, the ShEn is estimated as the sum of the relative frequencies
weighted by the logarithm of the inverse of the relative frequencies (i.e. when the frequency
is low, the weight is high, and vice versa). For a very regular binary sequence, only a few
distinct words occur. Hence, ShEn would be small because the probability for these patterns
is high and only little information is contained in the whole sequence. For a random binary
sequence, all possible words occur with the same probability and the ShEn is maximal.

3.4. Irregularity quantification

Approximate entropy (ApEn) provides a measure of the degree of irregularity or randomness
within a series of data. ApEn assigns a non-negative number to a sequence or time series,
with larger values corresponding to greater process randomness or serial irregularity, and
smaller values corresponding to more instances of recognizable features or patterns in the
data [21]. ApEn measures the logarithmic likelihood that runs of patterns that are close
(within a tolerance window r) for length m continuous observations remain close (within
the same tolerance r) on next incremental comparison. The input variables m and r must be
fixed to calculate ApEn. The method can be applied to relatively short time series, but the
amounts of data points has an influence on the value of ApEn. This is due to the fact that
the algorithm counts each sequence as matching itself to avoid the occurrence of ln(0) in the
calculations. The sample entropy (SampEn) algorithm excludes self-matches in the analysis
and is less dependent of the length of data series [22].

On the other hand, the multiscale entropy (MSE) has been developed as a more robust measure
of regularity of physiological time series which typically exhibit structure over multiple time
scales [23]. For its computation, the sample mean inside each non-overlapping window
of the original time series is calculated, thus constituting this set of sample means a new
time series. Repeating the process N times with a set of window lengths starting from 1
to a certain length N, this will give a set of N time series of sample means. The MSE is
obtained by computing any entropy measure (SampEn is suggested) for each time series,
and displaying it as a function of the number of data points N inside the window (i.e. of the
scale).

Another index that can be used to quantity the regularity of a time series is the conditional
entropy (CE) [24]. This index computed for a time series measures the amount of
information carried by its most recent sample which is not explained by the knowledge of
a predetermined conditioning vector containing information about the past of the observed
multivariate process. The CE computation can be expressed as the difference between the
ShEn calculated for the time series divided both in L and L − 1 sample-length patterns.
Thus, this index measures the amount of information obtained when the pattern length is
augmented from L − 1 to L. If a process is periodic (i.e. perfectly predictable) and has been
observed for a sufficient time, it will be possible to predict the next samples. Therefore, there
will be no increase of information by increasing the pattern length and CE will go to zero
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to the analysis of nonlinear dynamics. A valid phase space is any vector space in which
the state of the dynamical system can be unequivocally defined at any point [21]. The most
used way of reconstructing the full dynamics of the system from scalar time measurements is
based on the embedding theorem [21], which justifies the transformation of a time series into
a m-dimensional multivariate time series. This is done by associating to each m successive
samples distant a certain number τ of samples, a point in the phase space.

Several methods and algorithms are currently available to characterize a reconstructed phase
space. Thus, two features widely used to emphasize the geometrical properties of the
attractor are the correlation dimension (CD) and the correlation entropy (CorEn). The CD is a
measure of the dimensionality of the attractor, i.e., of the organization of points in the phase
space. Although there are several algorithms for its estimation, the CD can be computed
by first calculating the correlation sum of the time series, which is defined as the number
of points in the phase space that are closer than a certain threshold r [21]. Then, the CD is
defined as the slope of the line fitting the log-log plot of the correlation sum as a function of
the threshold. On the other hand, the CorEn is a measure of how fast the distance between
two initially nearby states in phase space grows in time. This can be envisaged by taking a
point in the reconstructed phase space, which corresponds to a segment in the time series.
Another point in phase space located closely to the first one refers to a different segment in
the time series. Thus, the CorEn is a measure of how fast these time segments loose their
resemblance when both the segments are lengthened.

Lyapunov exponents (LEs) are also found habitually in the literature to enhance the dynamics
of trajectories in the phase space. Precisely, these exponents quantify the exponential
divergence or convergence of initially close phase space trajectories. LEs quantify also the
amount of instability or predictability of the process. An m-dimensional dynamical system
has m exponents but in most applications it is sufficient to compute only the largest LE (LLE),
which can be computed as follows. First, a starting point is selected in the reconstructed
phase space and all the points which are closer to this point than a predetermined distance,
ǫ, are found. Then the average value of the distances between the trajectory of the initial
point and the trajectories of the neighboring points are calculated as the system evolves. The
slope of the line obtained by plotting the logarithms of these average values versus time gives
the LLE. To remove the dependence of calculated values on the starting point, the procedure
is repeated for different starting points and the LLE is taking as the average.

3.3. Information content quantification

Symbolic time series analysis involves the transformation of the original time series into a
series of discrete symbols that are processed to extract useful information about the state
of the system generating the process [20]. The first step of symbolic time series analysis
is, hence, the transformation of the time series into a symbolic/binary sequence using
a context-dependent symbolization procedure. After symbolization, the next step is the
construction of words from the symbol series by collecting groups of symbols together in
temporal order. This process typically involves definition of a finite word-length template
that can be moved along the symbol series one step at a time, each step revealing a new
sequence.

Quantitative measures of word sequence frequencies include statistics of words (word
frequency or transition probabilities between words) and information theoretic based on
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entropy measures. Thus, a complexity measures widely used is the proposed by Lempel
and Ziv [20], which will be referred to as Lempel-Ziv complexity (LZC). This metric provides
a measure of complexity related to the number of distinct substrings and the rate of their
occurrence along a given sequence, larger values of LZC corresponding to more complex
series. Another metric habitually used is the Shannon entropy (ShEn) [21]. This index gives
a number that characterize the probability that different words occur. Thus, counting the
relative frequency of each word, the ShEn is estimated as the sum of the relative frequencies
weighted by the logarithm of the inverse of the relative frequencies (i.e. when the frequency
is low, the weight is high, and vice versa). For a very regular binary sequence, only a few
distinct words occur. Hence, ShEn would be small because the probability for these patterns
is high and only little information is contained in the whole sequence. For a random binary
sequence, all possible words occur with the same probability and the ShEn is maximal.

3.4. Irregularity quantification

Approximate entropy (ApEn) provides a measure of the degree of irregularity or randomness
within a series of data. ApEn assigns a non-negative number to a sequence or time series,
with larger values corresponding to greater process randomness or serial irregularity, and
smaller values corresponding to more instances of recognizable features or patterns in the
data [21]. ApEn measures the logarithmic likelihood that runs of patterns that are close
(within a tolerance window r) for length m continuous observations remain close (within
the same tolerance r) on next incremental comparison. The input variables m and r must be
fixed to calculate ApEn. The method can be applied to relatively short time series, but the
amounts of data points has an influence on the value of ApEn. This is due to the fact that
the algorithm counts each sequence as matching itself to avoid the occurrence of ln(0) in the
calculations. The sample entropy (SampEn) algorithm excludes self-matches in the analysis
and is less dependent of the length of data series [22].

On the other hand, the multiscale entropy (MSE) has been developed as a more robust measure
of regularity of physiological time series which typically exhibit structure over multiple time
scales [23]. For its computation, the sample mean inside each non-overlapping window
of the original time series is calculated, thus constituting this set of sample means a new
time series. Repeating the process N times with a set of window lengths starting from 1
to a certain length N, this will give a set of N time series of sample means. The MSE is
obtained by computing any entropy measure (SampEn is suggested) for each time series,
and displaying it as a function of the number of data points N inside the window (i.e. of the
scale).

Another index that can be used to quantity the regularity of a time series is the conditional
entropy (CE) [24]. This index computed for a time series measures the amount of
information carried by its most recent sample which is not explained by the knowledge of
a predetermined conditioning vector containing information about the past of the observed
multivariate process. The CE computation can be expressed as the difference between the
ShEn calculated for the time series divided both in L and L − 1 sample-length patterns.
Thus, this index measures the amount of information obtained when the pattern length is
augmented from L − 1 to L. If a process is periodic (i.e. perfectly predictable) and has been
observed for a sufficient time, it will be possible to predict the next samples. Therefore, there
will be no increase of information by increasing the pattern length and CE will go to zero
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after a certain L. Nonetheless, this algorithm requires a corrective term to estimate accurately
the CE. The correction is thought to counteract the bias toward a reduction of the CE which
occurs increasing the size of the conditioning vectors and depends strongly on the length of
the time series [24].

It is interesting to remark that a slightly modified version of the CE, such as Cross-CE (CCE), is
able to assess the coupling degree between two time series [24]. Synchronization occurs when
interactive dynamics between two signals are repetitive. In this line, this index computes the
amount of information included in the most recent sample of a times series when the past
L-sample-length pattern of the other series is given. Given that CCE suffers from the same
limitation as CE, it has to be corrected in the same way.

Finally, other measure proposed to estimate coupling between time series is the causal entropy
(CauEn) [25]. This index is an asymmetric, time-adaptive, event-based measure of the
regularity of the phase- or time-lag with which point i fires after point j. It is calculated
from two components: a non-parametric time-adaptive estimate of the probability density
of spike time lag between two points i and j such that i follows j (and, independently, the
distribution of j following i), and a cost function estimate of the spread and stability of the
distribution. Although a variety of alternatives exists to compute this metric, CauEn can be
easily estimated by choosing an event-normalized histogram as the time-adaptive density
estimator and the ShEn as the cost function [25].

3.5. Geometric structure quantification

A Recurrence plot (RP) is a visual representation of all the possible distances between the
points constituting the phase space of a time series [21]. Whenever the distance between
two points is below a certain threshold, there is a recurrence in the dynamics: i.e. the
dynamical system visited multiple times a certain area of the phase space. From this
transformation, well suited for the study of short non-stationary signals, many geometric
features can be extracted. In this sense, there are four main elements characterizing a RP:
isolated points (reflecting stochasticity in the signal), diagonal lines (index of determinism)
and horizontal/vertical lines (reflecting local stationarity in the signal). The combination of
these elements creates large-scale and small-scale patterns from which is possible to compute
several features, mainly based on the count of number of points within each element.

On the other hand, the Poincaré plots (PPs) are a particular case of phase space representation
created selecting m = 2 and τ = 1; that corresponds to displaying a generic sample n of the
time series as a function of the sample n − 1 [21]. This is also known as a return map or a
Lorenz plot. The main limitation of this technique is that assumes that a low dimensional
representation of a dynamical attractor is enough to detect relevant features of the dynamics.
Despite its simplicity, this transformation has been successfully employed also with high
dimensional systems. The benefit is that, given the low dimensionality, it is possible to easily
design and visualize several types of geometric features. These features are based on an
ellipse fitted to the PP. These features can be seen as measures of nonlinear autocorrelation.
If successive values in the time series are not linearly correlated, there will be a deviation
from a line that is often properly modeled using an ellipse. The different features involve
the centroid of the ellipse, the length of the two axes of the ellipse, the standard deviation
in the direction of the identity line (called SD2) and the standard deviation in the direction
orthogonal to the identity line (called SD1).
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4. Atrial activity analysis

Although the mechanisms of AF still are unclear, several studies have demonstrated that
this arrhythmia is associated with the propagation, throughout the atrial tissue, of multiple
activation wavelets, resulting in complex ever-changing patterns of electrical activity [5]. As
a consequence, the morphology of the registered f waves during AF changes constantly
both in time and space showing different levels of organization, according to a definition
of organization as repetitive wave morphologies in the AF signals [19]. Given that various
morphologies reflect different activation patterns such as slow conduction, wave collision,
and conduction blocks [26], AF organization analysis plays an important role to understand
the mechanisms responsible for its induction and maintenance. In addition, the analysis
of the degree of complexity characterizing the shape of the activation waves could provide
useful information to improve AF treatment, which still is unsatisfactory, and contribute to
take the appropriate decisions on its management [27].

Since a rigorous definition of organization does not exist, a variety of nonlinear indices have
been applied to the AA signal extracted from both surface ECG recordings and intraatrial
EGMs to quantify AF pattern dynamic and morphology. In the next subsections, the state of
the art related to the AF organization estimation by using nonlinear methods is summarized.

4.1. Surface organization assessment

From a clinical point of view, the assessment of AF organization from the standard surface
ECG is very interesting, because it can be easily and cheaply obtained [10]. Previous
works have shown that structural changes into surface f waves reflect the intraatrial activity
organization variation [28, 29]. Thus, it has been observed that ECGs acquired during
intraatrial organized rhythms present f waves with well-defined and repetitive morphology
and ECGs recorded during highly disorganized AA with fragmented activations contain
surface f waves with very dissimilar morphologies [30]. Taking advantage of this finding,
several nonlinear indices have been applied to single-lead ECG recordings to estimate the
amount of repetitive patterns existing in their extracted AA signal. Leads V1 and II have been
most often selected for this purpose, because the atrial signal is larger in these recordings [10].

The first proposed method to estimate non-invasively temporal organization of AF is
based on the application of SampEn to the fundamental waveform of the AA signal,
which have been named as main atrial wave (MAW) in the literature [4]. Note that
SampEn computation directly from the AA has also been investigated, but an unsuccessful
AF organization assessment has been reported by several authors [4]. The presence of
ventricular residua and other nuisance signals together with the SampEn sensitivity to
noise have been considered the main reasons for this poor result [4]. In contrast, the
MAW-SampEn strategy has provided ability to reliably reflect the intraatrial fibrillatory
activity dynamics [29] and has been validated by predicting successfully a variety of AF
organization-dependent events. In this respect, the method has shown a high diagnostic
accuracy in the paroxysmal AF termination prediction, presenting more regular f waves for
terminating than non-terminating episodes [4]. This result is in agreement with the decrease
in the number of reentries prior to sinus rhythm (SR) restoration observed in previous
invasive studies, where AF termination was achieved by using different therapies [6]. In
a similar way, according with the invasive observation that self-sustained AF is associated
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after a certain L. Nonetheless, this algorithm requires a corrective term to estimate accurately
the CE. The correction is thought to counteract the bias toward a reduction of the CE which
occurs increasing the size of the conditioning vectors and depends strongly on the length of
the time series [24].

It is interesting to remark that a slightly modified version of the CE, such as Cross-CE (CCE), is
able to assess the coupling degree between two time series [24]. Synchronization occurs when
interactive dynamics between two signals are repetitive. In this line, this index computes the
amount of information included in the most recent sample of a times series when the past
L-sample-length pattern of the other series is given. Given that CCE suffers from the same
limitation as CE, it has to be corrected in the same way.

Finally, other measure proposed to estimate coupling between time series is the causal entropy
(CauEn) [25]. This index is an asymmetric, time-adaptive, event-based measure of the
regularity of the phase- or time-lag with which point i fires after point j. It is calculated
from two components: a non-parametric time-adaptive estimate of the probability density
of spike time lag between two points i and j such that i follows j (and, independently, the
distribution of j following i), and a cost function estimate of the spread and stability of the
distribution. Although a variety of alternatives exists to compute this metric, CauEn can be
easily estimated by choosing an event-normalized histogram as the time-adaptive density
estimator and the ShEn as the cost function [25].

3.5. Geometric structure quantification

A Recurrence plot (RP) is a visual representation of all the possible distances between the
points constituting the phase space of a time series [21]. Whenever the distance between
two points is below a certain threshold, there is a recurrence in the dynamics: i.e. the
dynamical system visited multiple times a certain area of the phase space. From this
transformation, well suited for the study of short non-stationary signals, many geometric
features can be extracted. In this sense, there are four main elements characterizing a RP:
isolated points (reflecting stochasticity in the signal), diagonal lines (index of determinism)
and horizontal/vertical lines (reflecting local stationarity in the signal). The combination of
these elements creates large-scale and small-scale patterns from which is possible to compute
several features, mainly based on the count of number of points within each element.

On the other hand, the Poincaré plots (PPs) are a particular case of phase space representation
created selecting m = 2 and τ = 1; that corresponds to displaying a generic sample n of the
time series as a function of the sample n − 1 [21]. This is also known as a return map or a
Lorenz plot. The main limitation of this technique is that assumes that a low dimensional
representation of a dynamical attractor is enough to detect relevant features of the dynamics.
Despite its simplicity, this transformation has been successfully employed also with high
dimensional systems. The benefit is that, given the low dimensionality, it is possible to easily
design and visualize several types of geometric features. These features are based on an
ellipse fitted to the PP. These features can be seen as measures of nonlinear autocorrelation.
If successive values in the time series are not linearly correlated, there will be a deviation
from a line that is often properly modeled using an ellipse. The different features involve
the centroid of the ellipse, the length of the two axes of the ellipse, the standard deviation
in the direction of the identity line (called SD2) and the standard deviation in the direction
orthogonal to the identity line (called SD1).
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4. Atrial activity analysis

Although the mechanisms of AF still are unclear, several studies have demonstrated that
this arrhythmia is associated with the propagation, throughout the atrial tissue, of multiple
activation wavelets, resulting in complex ever-changing patterns of electrical activity [5]. As
a consequence, the morphology of the registered f waves during AF changes constantly
both in time and space showing different levels of organization, according to a definition
of organization as repetitive wave morphologies in the AF signals [19]. Given that various
morphologies reflect different activation patterns such as slow conduction, wave collision,
and conduction blocks [26], AF organization analysis plays an important role to understand
the mechanisms responsible for its induction and maintenance. In addition, the analysis
of the degree of complexity characterizing the shape of the activation waves could provide
useful information to improve AF treatment, which still is unsatisfactory, and contribute to
take the appropriate decisions on its management [27].

Since a rigorous definition of organization does not exist, a variety of nonlinear indices have
been applied to the AA signal extracted from both surface ECG recordings and intraatrial
EGMs to quantify AF pattern dynamic and morphology. In the next subsections, the state of
the art related to the AF organization estimation by using nonlinear methods is summarized.

4.1. Surface organization assessment

From a clinical point of view, the assessment of AF organization from the standard surface
ECG is very interesting, because it can be easily and cheaply obtained [10]. Previous
works have shown that structural changes into surface f waves reflect the intraatrial activity
organization variation [28, 29]. Thus, it has been observed that ECGs acquired during
intraatrial organized rhythms present f waves with well-defined and repetitive morphology
and ECGs recorded during highly disorganized AA with fragmented activations contain
surface f waves with very dissimilar morphologies [30]. Taking advantage of this finding,
several nonlinear indices have been applied to single-lead ECG recordings to estimate the
amount of repetitive patterns existing in their extracted AA signal. Leads V1 and II have been
most often selected for this purpose, because the atrial signal is larger in these recordings [10].

The first proposed method to estimate non-invasively temporal organization of AF is
based on the application of SampEn to the fundamental waveform of the AA signal,
which have been named as main atrial wave (MAW) in the literature [4]. Note that
SampEn computation directly from the AA has also been investigated, but an unsuccessful
AF organization assessment has been reported by several authors [4]. The presence of
ventricular residua and other nuisance signals together with the SampEn sensitivity to
noise have been considered the main reasons for this poor result [4]. In contrast, the
MAW-SampEn strategy has provided ability to reliably reflect the intraatrial fibrillatory
activity dynamics [29] and has been validated by predicting successfully a variety of AF
organization-dependent events. In this respect, the method has shown a high diagnostic
accuracy in the paroxysmal AF termination prediction, presenting more regular f waves for
terminating than non-terminating episodes [4]. This result is in agreement with the decrease
in the number of reentries prior to sinus rhythm (SR) restoration observed in previous
invasive studies, where AF termination was achieved by using different therapies [6]. In
a similar way, according with the invasive observation that self-sustained AF is associated
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with more circulating wavelets that non-sustained AF [6], the method has noticed higher
organization levels for paroxysmal than persistent AF episodes [31].

On the other hand, the MAW-SampEn method has also presented a high discriminant ability
in the prediction of ECV result before the procedure is attempted. According with previous
invasive findings [32], SampEn reported higher AF organization levels in those patients who
maintained SR during the first month post-cardioversion [4]. In addition, analyzing SampEn
after each needed electrical shock to restore SR, a relative entropy decrease was observed
for the patients who finally reverted to SR, but the largest variation took place after the first
attempt, thus indicating that this shock plays the most important role in the procedure [33].
Finally, remark that the method has also been used to assess the organization evolution
along onward episodes of paroxysmal AF and within an specific episode. In the first
case, the achieved results, in close agreement with previous findings obtained from invasive
recordings [34], proved several relevant aspects of arial remodeling [35]. Thus, a progressive
disorganization increase along onward episodes of AF was observed for 63% of the analyzed
patients, whereas a stable AF organization degree was appreciated in the remaining 37%.
Moreover, a positive correlation between episode duration and SampEn and a remarkable
influence of the fibrillation-free interval, preceding each episode, on the corresponding level
of AF organization at the onset of the subsequent AF episode were noticed. With respect to
the application of the method to track organization variations within each specific episode [4],
a decrease in the first minutes after AF onset and an increase within the last minute before
spontaneous AF termination were revealed, in coherence with previous works [6].

It is interesting note that f waves regularity has also been assessed through the application
of SampEn to the wavelet domain of the AA signal [4]. In this case, the proposed approach
reached a slightly lower discriminant ability than the MAW-SampEn method both for
paroxysmal AF termination and ECV outcome predictions. Nonetheless, both methodologies
showed to provide complementary information, their combination allowing to improve the
identification of AF organization time course [4]. A similar result has been recently observed
when the variability of the wavelet coefficients computed from the AA signal has been
quantified by the central tendency measure [36]. This nonlinear metric is the percentage
of points which falls within a certain radius from the centre of the PP of the first difference
of the original time series [21] and, in view of the provided results, can be considered as a
successful non-invasive estimator of temporal organization of AF.

In addition to SampEn, other nonlinear indices have also been applied to the AA signal time
domain. Thus, Kao et al [37] computed the CD, LLE and LZC from the AA signal extracted
for the lead V1 in order to distinguish between atrial flutter and AF episodes. According to
the expected AF disorganization levels, results showed that during AF, nonlinear parameters
concentrated on higher values, which were lower at typical flutter and middle in atypical
flutter. In addition, the combination of these parameters by using a neural network
classification allowed the differentiation of these arrhythmias with a high diagnostic accuracy
around 95%. On the other hand, Sun and Wang [38] have investigated the spontaneous
termination of paroxysmal AF by quantifying the RP structure of the AA signal. More
precisely, eleven features were extracted from the RP including, among others, the point
recurrence rate, the patterns along the main diagonal, the patterns along the 135◦ diagonal
and square-like patterns. Thereafter, a sequential forward search algorithm was utilized to
select the feature subset which could predict the AF termination more effectively. Finally,
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a multilayer perceptron neural network was applied to predict the AF termination with an
accuracy higher than 95%.

4.2. Intraatrial organization assessment

As an alternative to the use of surface recordings, AF organization can be quantified from
single-lead atrial EGMs by analysis of the whole signal aimed to infer measures related to
the dynamical complexity of the signal itself. As for surface ECG recordings, the presence
of undisturbed portions of the signal or the repetitiveness over time of similar patterns,
are indicative of high regularity, or low dynamical complexity, related to the temporal
organization of the arrhythmia. Within this context, Wells et al [8] distinguished three
types of AF. In type I AF, the EGMs showed discrete complexes of variable morphology
separated by a clear isoelectric baseline. Type II AF EGMs were characterized by discrete
atrial beat-to-beat complexes of variable morphology but, in contrast to type I AF, the baseline
showed continuous perturbations of varying degrees. During type III AF, highly fragmented
atrial EGMs could be observed with no discrete complexes or isoelectric intervals. An
analysis looking at these characteristics in AF EGMs has a peculiar electrophysiological
relevance, as it may reflect the propagation patterns underlying the maintenance of
AF [6]. Indeed, the Wells’ approach has been used in several clinical and experimental
studies to identify organization patterns in paroxysmal and chronic AF and to support
the ablative treatment of AF [39]. In addition, many authors have proposed to quantify
automatically single-lead EGMs organization by using analysis of fractal fluctuations and
entropy measures.

In this line, the study of Hoekstra et al [40] was the first exhaustive nonlinear analysis of
AF in man. The authors estimated the CD and the CorEn of unipolar epicardial EGMs.
Both indices were exploited to discriminate among EGMs during induced AF, revealing the
presence of nonlinear dynamics in type I AF. In contrast, type II and type III AF did not
appear to exhibit features of low-dimensional chaos. Both previous indices were also used
to investigate the anti-fibrillatory properties of the class Ic agent cibenzoline in instrumented
conscious goats in which sustained AF had been electrically induced [41]. Results showed
that during drug administration the nonlinear parameters were not significantly different
from control. Nonetheless, scaling regions in the correlation sum were observed after
infusion of cibenzoline suggesting that the drug introduced low-dimensional features in the
dynamics of AF, whereas SR recorded shortly after cardioversion was very regular. Hence,
authors concluded that nonlinear analysis revealed that cibenzoline does not significantly
alter the dynamics of sustained AF during pharmacological conversion other than a slowing
down of the atrial activation and a somewhat increasing global organization of the atrial
activation pattern.

More recently, Mainardi et al [24] have developed a regularity index based on the corrected
CE for single-site atrial EGMs and LAP series, which has provided ability to discriminate
among different atrial rhythms and, particularly within different AF complexity classes
according to Wells’ criteria [24, 42]. In a similar way, the index has been able to capture
subtle changes due to isoproterenol infusion both during SR and AF [43]. On the other
hand, ShEn has been tested as a measure of EGMs complexity for distinguishing complex
fractionated atrial electrograms (CFAE) from non-CFAE signals [44]. Given that CFAE have
been identified as targets for AF ablation, the development of robust automatic algorithms to
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with more circulating wavelets that non-sustained AF [6], the method has noticed higher
organization levels for paroxysmal than persistent AF episodes [31].

On the other hand, the MAW-SampEn method has also presented a high discriminant ability
in the prediction of ECV result before the procedure is attempted. According with previous
invasive findings [32], SampEn reported higher AF organization levels in those patients who
maintained SR during the first month post-cardioversion [4]. In addition, analyzing SampEn
after each needed electrical shock to restore SR, a relative entropy decrease was observed
for the patients who finally reverted to SR, but the largest variation took place after the first
attempt, thus indicating that this shock plays the most important role in the procedure [33].
Finally, remark that the method has also been used to assess the organization evolution
along onward episodes of paroxysmal AF and within an specific episode. In the first
case, the achieved results, in close agreement with previous findings obtained from invasive
recordings [34], proved several relevant aspects of arial remodeling [35]. Thus, a progressive
disorganization increase along onward episodes of AF was observed for 63% of the analyzed
patients, whereas a stable AF organization degree was appreciated in the remaining 37%.
Moreover, a positive correlation between episode duration and SampEn and a remarkable
influence of the fibrillation-free interval, preceding each episode, on the corresponding level
of AF organization at the onset of the subsequent AF episode were noticed. With respect to
the application of the method to track organization variations within each specific episode [4],
a decrease in the first minutes after AF onset and an increase within the last minute before
spontaneous AF termination were revealed, in coherence with previous works [6].

It is interesting note that f waves regularity has also been assessed through the application
of SampEn to the wavelet domain of the AA signal [4]. In this case, the proposed approach
reached a slightly lower discriminant ability than the MAW-SampEn method both for
paroxysmal AF termination and ECV outcome predictions. Nonetheless, both methodologies
showed to provide complementary information, their combination allowing to improve the
identification of AF organization time course [4]. A similar result has been recently observed
when the variability of the wavelet coefficients computed from the AA signal has been
quantified by the central tendency measure [36]. This nonlinear metric is the percentage
of points which falls within a certain radius from the centre of the PP of the first difference
of the original time series [21] and, in view of the provided results, can be considered as a
successful non-invasive estimator of temporal organization of AF.

In addition to SampEn, other nonlinear indices have also been applied to the AA signal time
domain. Thus, Kao et al [37] computed the CD, LLE and LZC from the AA signal extracted
for the lead V1 in order to distinguish between atrial flutter and AF episodes. According to
the expected AF disorganization levels, results showed that during AF, nonlinear parameters
concentrated on higher values, which were lower at typical flutter and middle in atypical
flutter. In addition, the combination of these parameters by using a neural network
classification allowed the differentiation of these arrhythmias with a high diagnostic accuracy
around 95%. On the other hand, Sun and Wang [38] have investigated the spontaneous
termination of paroxysmal AF by quantifying the RP structure of the AA signal. More
precisely, eleven features were extracted from the RP including, among others, the point
recurrence rate, the patterns along the main diagonal, the patterns along the 135◦ diagonal
and square-like patterns. Thereafter, a sequential forward search algorithm was utilized to
select the feature subset which could predict the AF termination more effectively. Finally,
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a multilayer perceptron neural network was applied to predict the AF termination with an
accuracy higher than 95%.

4.2. Intraatrial organization assessment

As an alternative to the use of surface recordings, AF organization can be quantified from
single-lead atrial EGMs by analysis of the whole signal aimed to infer measures related to
the dynamical complexity of the signal itself. As for surface ECG recordings, the presence
of undisturbed portions of the signal or the repetitiveness over time of similar patterns,
are indicative of high regularity, or low dynamical complexity, related to the temporal
organization of the arrhythmia. Within this context, Wells et al [8] distinguished three
types of AF. In type I AF, the EGMs showed discrete complexes of variable morphology
separated by a clear isoelectric baseline. Type II AF EGMs were characterized by discrete
atrial beat-to-beat complexes of variable morphology but, in contrast to type I AF, the baseline
showed continuous perturbations of varying degrees. During type III AF, highly fragmented
atrial EGMs could be observed with no discrete complexes or isoelectric intervals. An
analysis looking at these characteristics in AF EGMs has a peculiar electrophysiological
relevance, as it may reflect the propagation patterns underlying the maintenance of
AF [6]. Indeed, the Wells’ approach has been used in several clinical and experimental
studies to identify organization patterns in paroxysmal and chronic AF and to support
the ablative treatment of AF [39]. In addition, many authors have proposed to quantify
automatically single-lead EGMs organization by using analysis of fractal fluctuations and
entropy measures.

In this line, the study of Hoekstra et al [40] was the first exhaustive nonlinear analysis of
AF in man. The authors estimated the CD and the CorEn of unipolar epicardial EGMs.
Both indices were exploited to discriminate among EGMs during induced AF, revealing the
presence of nonlinear dynamics in type I AF. In contrast, type II and type III AF did not
appear to exhibit features of low-dimensional chaos. Both previous indices were also used
to investigate the anti-fibrillatory properties of the class Ic agent cibenzoline in instrumented
conscious goats in which sustained AF had been electrically induced [41]. Results showed
that during drug administration the nonlinear parameters were not significantly different
from control. Nonetheless, scaling regions in the correlation sum were observed after
infusion of cibenzoline suggesting that the drug introduced low-dimensional features in the
dynamics of AF, whereas SR recorded shortly after cardioversion was very regular. Hence,
authors concluded that nonlinear analysis revealed that cibenzoline does not significantly
alter the dynamics of sustained AF during pharmacological conversion other than a slowing
down of the atrial activation and a somewhat increasing global organization of the atrial
activation pattern.

More recently, Mainardi et al [24] have developed a regularity index based on the corrected
CE for single-site atrial EGMs and LAP series, which has provided ability to discriminate
among different atrial rhythms and, particularly within different AF complexity classes
according to Wells’ criteria [24, 42]. In a similar way, the index has been able to capture
subtle changes due to isoproterenol infusion both during SR and AF [43]. On the other
hand, ShEn has been tested as a measure of EGMs complexity for distinguishing complex
fractionated atrial electrograms (CFAE) from non-CFAE signals [44]. Given that CFAE have
been identified as targets for AF ablation, the development of robust automatic algorithms to

The Contribution of Nonlinear Methods in the Understanding of Atrial Fibrillation
http://dx.doi.org/10.5772/53407

189



10 Atrial Fibrillation

objectively classify these signals is clinically relevant. An index of fractional intervals (FI) has
been traditionally used and validated as a semiautomatic algorithm to identify CFAE [45].
This measure takes the average interval between deflections of an EGM signal during AF.
In contrast, ShEn computation requires each EGM amplitude sample to be classified into
bins of defined amplitude ranges. After quantifying EGMs with a bin with of 0.125 their
with a bin width of 0.125 times their standard deviation, ShEn provided comparable results
to the index of FI in distinguishing CFAE from non-CFAE without requiring user input
for threshold levels. Hence, authors claimed that ShEn can be a useful tool in the study
of AF pathophysiology as well as help in the classification of CFAE, although its use for
EGM-guided approaches in AF ablation requires further validation.

It is interesting note that approaches of nonlinear analysis have also been applied to each
one of the bipolar signals collected by basked catheters, thus providing estimates of spatial
organization of AF. In this respect, Pitschner et al [46] calculated the CD of the depolarization
wavefronts on signals measured during paroxysmal AF and found that the area anterior
to the tricuspid valve showed the most pronounced chaotic activity. Later, Berkowitsch et
al [47] proposed a combination of symbolic dynamics and adaptive power estimation to
compute the normalized algorithmic complexity of single-site bipolar EGMs. The algorithm
produces a measure of the ”redundancies” in patterns of the AF EGM so that the complexity
is inversely related to the number of redundancies found in the analyzed signal. The method
was used to show heterogeneous complexity among different atrial regions and complexity
changes after drug administration [48]. In a similar way, Cervigón et al [49] analyzed
the regularity differences in EGMs captured both from right (RA) and left (LA) atria after
propofol administration. Global regularity from each atrium was estimated by applying both
MSE and ShEn to each registered single EGM and averaging all the recordings acquired from
each atrium. Results revealed differences between the MSE profiles in basal and propofol
states and that EGMs at basal condition were sightly less irregular in RA than in LA. In
addition, an irregularity decrease in EGMs was noticed, through the MSE, for RA during the
proposal infusion. Note that this behavior was observed for all time scales, although MSE
decreased on small scales and gradually increases indicating the reduction of complexity on
the larger scales. The application of ShEn showed the same upward trend in the LA during
propofol infusion, and downward trend in the RA in the anaesthesic state.

In a similar way, both MSE and ShEn have also been used to assess regional organization
differences between paroxysmal and persistent AF episodes [50]. In this case, both for
paroxysmal and persistent AF patients, no significant differences were found in an intra-atrial
analysis (i.e. between the EGMs within the same atrium) in any atria. However, in an
inter-atrial analysis, entropy values were higher at the LA than at the RA; i.e. the atrial
activations were generally more organized at the RA than at the LA. However, compared with
persistent AF, results from the analysis of paroxysmal AF demonstrated larger differences
between the atrial chambers. Therefore, a regional gradient from the LA to RA in the
organization degree of the atrial electrical activity was found in paroxysmal AF patients,
whereas no gradient was found in persistent AF patients.

4.3. Intraatrial synchronization assessment

Spatio-temporal organization of AF has been investigated from mutual analysis of pairs of
EGMs simultaneously collected during different atrial rhythms. In this case, measuring
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organization implies judging the electrical activity at one site in relation to the activity
of another. Measures derived in such a way emphasize the concepts of relative temporal
behavior and spatial coordination between electrical activations occurring at different
sizes. With respect to approaches developed for single-site EGMs, the introduction of
algorithms involving two (or more) signals provide complementary information. For
instance, synchronization measures have been exploited to investigate the preferential
directions of waveforms propagation during arrhythmias, or to reflect the spatial dispersion
of electrophysiological parameters such as conduction velocity and refractory period.

To capture and quantify nonlinear interactions among EGMs, some entropy measures have
been adapted to the analysis of endocardial signals. Indeed, the studies of Censi et al [51] and
Mainardi et al [24] estimated the degree of nonlinear coupling between pairs of bipolar EGMs
acquired by decapolar catheters by performing specific multivariate embedding procedures.
In particular, Censi et al [51] assessed the organization of the LAP series during AF by means
of two indices, namely independence of complexity and independence of predictability.
These indices were computed on the basis of a multivariate embedding procedure for the
estimation of CD and CorEn. Significant degrees of nonlinear coupling were found in
segments belonging to types I and II, while type III EGMs turned out to be only weakly
coupled. On the other hand, Mainardi et al [24] estimated spatio-temporal organization in
the atria by means of a synchronization index assessing the coupling level between EGMs by
means of the corrected CCE. Although this index is sensitive to various signal coupling
mechanisms (linear or not), it provides superior performance when compared to linear
indices derived from the cross-correlation function, as evidenced in many applications [24].
Thus, it was found to be the best discriminator between organized (sinus rhythm and AF
I, classified according to Wells’ criteria) and non-organized (AF II and AF III) rhythms [24],
showing sensitivity and positive predictability higher than 95%. The index also provided
ability to capture subtle changes in atrial dynamics, thus improving the understand the
effect of the sympathetic nervous system activity during SR and AF in patients suffering from
paroxysmal and persistent AF [43]. In a similar way, the synchronization index showed to
be able to underline the effect of the adrenergic stimulation, highlighting variations related
to the distance between recording sites [7]. These variations were not detected with the
same level of detail by any other linear and nonlinear parameter. Finally, a reduction in
the synchronization among EGMs was evidenced by using this index during isoproterenol
infusion in both SR and paroxysmal AF episodes [52].

Coupling between atrial EGMs can also be assessed by quantifying the temporal synchronism
between activation times in two sites. In this context, researches have focused their attention
to either the LAP series or the activation time sequences. Thus, Censi et al [53] exploited RPs
to show that a certain degree of organization during AF can be detected as spatio-temporal
recurrent patterns of the coupling between the atrial depolarization periods at two atrial sites.
They demonstrated a deterministic mechanism underlying the apparently random activation
processes during AF. Other approach for the same purpose was proposed by Masé et al [54]
who characterized the synchronization between two atrial signals through a measure of
the properties of the time delay distribution by the ShEn. Specifically, the values of the
propagation delay were quantized into severals bins and the entropy of their distribution
was estimated. After introducing a corrective term to reduce the systematic underestimation
of ShEn due to the approximation of the probabilities with the corresponding sample
frequency, the index was validated with a computer model of atrial arrhythmias. It was
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objectively classify these signals is clinically relevant. An index of fractional intervals (FI) has
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bins of defined amplitude ranges. After quantifying EGMs with a bin with of 0.125 their
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to the index of FI in distinguishing CFAE from non-CFAE without requiring user input
for threshold levels. Hence, authors claimed that ShEn can be a useful tool in the study
of AF pathophysiology as well as help in the classification of CFAE, although its use for
EGM-guided approaches in AF ablation requires further validation.

It is interesting note that approaches of nonlinear analysis have also been applied to each
one of the bipolar signals collected by basked catheters, thus providing estimates of spatial
organization of AF. In this respect, Pitschner et al [46] calculated the CD of the depolarization
wavefronts on signals measured during paroxysmal AF and found that the area anterior
to the tricuspid valve showed the most pronounced chaotic activity. Later, Berkowitsch et
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produces a measure of the ”redundancies” in patterns of the AF EGM so that the complexity
is inversely related to the number of redundancies found in the analyzed signal. The method
was used to show heterogeneous complexity among different atrial regions and complexity
changes after drug administration [48]. In a similar way, Cervigón et al [49] analyzed
the regularity differences in EGMs captured both from right (RA) and left (LA) atria after
propofol administration. Global regularity from each atrium was estimated by applying both
MSE and ShEn to each registered single EGM and averaging all the recordings acquired from
each atrium. Results revealed differences between the MSE profiles in basal and propofol
states and that EGMs at basal condition were sightly less irregular in RA than in LA. In
addition, an irregularity decrease in EGMs was noticed, through the MSE, for RA during the
proposal infusion. Note that this behavior was observed for all time scales, although MSE
decreased on small scales and gradually increases indicating the reduction of complexity on
the larger scales. The application of ShEn showed the same upward trend in the LA during
propofol infusion, and downward trend in the RA in the anaesthesic state.

In a similar way, both MSE and ShEn have also been used to assess regional organization
differences between paroxysmal and persistent AF episodes [50]. In this case, both for
paroxysmal and persistent AF patients, no significant differences were found in an intra-atrial
analysis (i.e. between the EGMs within the same atrium) in any atria. However, in an
inter-atrial analysis, entropy values were higher at the LA than at the RA; i.e. the atrial
activations were generally more organized at the RA than at the LA. However, compared with
persistent AF, results from the analysis of paroxysmal AF demonstrated larger differences
between the atrial chambers. Therefore, a regional gradient from the LA to RA in the
organization degree of the atrial electrical activity was found in paroxysmal AF patients,
whereas no gradient was found in persistent AF patients.

4.3. Intraatrial synchronization assessment

Spatio-temporal organization of AF has been investigated from mutual analysis of pairs of
EGMs simultaneously collected during different atrial rhythms. In this case, measuring
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organization implies judging the electrical activity at one site in relation to the activity
of another. Measures derived in such a way emphasize the concepts of relative temporal
behavior and spatial coordination between electrical activations occurring at different
sizes. With respect to approaches developed for single-site EGMs, the introduction of
algorithms involving two (or more) signals provide complementary information. For
instance, synchronization measures have been exploited to investigate the preferential
directions of waveforms propagation during arrhythmias, or to reflect the spatial dispersion
of electrophysiological parameters such as conduction velocity and refractory period.

To capture and quantify nonlinear interactions among EGMs, some entropy measures have
been adapted to the analysis of endocardial signals. Indeed, the studies of Censi et al [51] and
Mainardi et al [24] estimated the degree of nonlinear coupling between pairs of bipolar EGMs
acquired by decapolar catheters by performing specific multivariate embedding procedures.
In particular, Censi et al [51] assessed the organization of the LAP series during AF by means
of two indices, namely independence of complexity and independence of predictability.
These indices were computed on the basis of a multivariate embedding procedure for the
estimation of CD and CorEn. Significant degrees of nonlinear coupling were found in
segments belonging to types I and II, while type III EGMs turned out to be only weakly
coupled. On the other hand, Mainardi et al [24] estimated spatio-temporal organization in
the atria by means of a synchronization index assessing the coupling level between EGMs by
means of the corrected CCE. Although this index is sensitive to various signal coupling
mechanisms (linear or not), it provides superior performance when compared to linear
indices derived from the cross-correlation function, as evidenced in many applications [24].
Thus, it was found to be the best discriminator between organized (sinus rhythm and AF
I, classified according to Wells’ criteria) and non-organized (AF II and AF III) rhythms [24],
showing sensitivity and positive predictability higher than 95%. The index also provided
ability to capture subtle changes in atrial dynamics, thus improving the understand the
effect of the sympathetic nervous system activity during SR and AF in patients suffering from
paroxysmal and persistent AF [43]. In a similar way, the synchronization index showed to
be able to underline the effect of the adrenergic stimulation, highlighting variations related
to the distance between recording sites [7]. These variations were not detected with the
same level of detail by any other linear and nonlinear parameter. Finally, a reduction in
the synchronization among EGMs was evidenced by using this index during isoproterenol
infusion in both SR and paroxysmal AF episodes [52].

Coupling between atrial EGMs can also be assessed by quantifying the temporal synchronism
between activation times in two sites. In this context, researches have focused their attention
to either the LAP series or the activation time sequences. Thus, Censi et al [53] exploited RPs
to show that a certain degree of organization during AF can be detected as spatio-temporal
recurrent patterns of the coupling between the atrial depolarization periods at two atrial sites.
They demonstrated a deterministic mechanism underlying the apparently random activation
processes during AF. Other approach for the same purpose was proposed by Masé et al [54]
who characterized the synchronization between two atrial signals through a measure of
the properties of the time delay distribution by the ShEn. Specifically, the values of the
propagation delay were quantized into severals bins and the entropy of their distribution
was estimated. After introducing a corrective term to reduce the systematic underestimation
of ShEn due to the approximation of the probabilities with the corresponding sample
frequency, the index was validated with a computer model of atrial arrhythmias. It was
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shown to discriminate among different AF types and to elicit spatial heterogeneities in the
synchronization between different atrial sites. Moreover, a comparison of the real data with
simulation results linked the different shapes of the time delay distribution, and thus the
proposed index, to different underlying electrophysiological propagation patterns.

Finally, CauEn has been recently used to monitor coupling between temporal variations from
two atrial EGMs for paroxysmal and persistent AF episodes [50]. Results showed differences
between both atrial chambers with a higher disorganization in the LA than RA in paroxysmal
AF patients and a more homogenous behavior along the atria in persistent AF patients. These
findings were in strong agreement with the hypothesis that high-frequency periodic sources
located in the LA drive AF [55]. Nonetheless, the result may also support the multiple
wavelet hypothesis, which have a random movement throughout the atria [5].

5. Ventricular activity analysis

Ventricular response during AF has been widely characterized making use of the heart rate
variability (HRV) analysis. Although how the autonomic nervous system exactly modulates
the heart rate remains an open question, HRV can be used to quantify several aspects of
the autonomic heart rate modulation [56]. Standard time and frequency domain methods
of HRV are well described by the Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysiology [57], but they fail to show the
dynamic properties of the fluctuations. Therefore, nonlinear methods have been typically
applied to the HRV for assessing its variability, scaling and correlation properties, thus
providing complementary information to the standard HRV metrics [9]. Within this context,
the next subsections summarize how nonlinear indices has been applied to HRV analysis in
an attempt to understand cardiovascular autonomic regulation before, during and after AF
onset and behavior of the AV node during the arrhythmia.

5.1. HRV analysis during SR

The mechanisms leading to the initiation of AF have been under intensive investigation
within the last decade. It has been proposed that the autonomic nervous system might
have a role in the initiation of this arrhythmia. Precisely, increased vagal tone can predispose
to the development of AF [58]. Thereby, several measures of entropy, such as SampEn and
ApEn, together with the DFA have been applied to study the HRV complexity evolution in
the minutes preceding spontaneous paroxysmal AF onset. To this respect, Vikman et al [59]
studied the DFA and ApEn in 20-minutes intervals before 92 episodes of paroxysmal AF in 22
patients without structural heart disease. A progressive decrease in complexity was observed
by both indices before the AF episodes. In addition, they also noticed lower complexity
values before the onset of AF compared with values obtained from matched healthy control
subjects. In a similar way, Tuzcu et al [58] studied via SampEn the HRV complexity of
30 minutes-length segments containing the ECG immediately preceding a paroxysmal AF
episode and 30 minutes-length segments of ECG during a period distant, at least 45 minutes,
from any episode of AF. Complexity of the HRV was found to be significantly reduced in
the segments preceding AF compared with those distant from any AF occurrence. The same
study was repeated, but premature atrial complexes were previously removed. In this case,
a less pronounced difference was provided. The authors considered that decreased heart
rate complexity, for both cases, reflects a change in cardiovascular autonomic regulation that
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preconditions AF onset. Additionally, the segments preceding AF onset were divided into
three successive 10 minutes periods and analyzed with SampEn in order to show the presence
of a possible trend. A decreasing complexity trend towards the onset of AF was observed
independently on the presence or absence of ectopics, although in the later case the tendency
was less pronounced. According to the authors, the decrease in complexity via SampEn
before the onset of AF resulted mainly from atrial ectopy. Moreover, the decrease was in
consistent agreement with the observed ectopic firing significance, that serves as a trigger of
paroxysmal AF, in subjects without evidence of other structural cardiac abnormalities [60].

On the other hand, because of paroxysmal AF has been classified into vagally-mediated
and sympathetically-mediated types, based on the autonomic profile and the clinical history,
Shin et al [61] analyzed the HRV complexity in these types of AF. In this study, for 44
episodes, divided in three subgroups (vagal, sympathetic and non-related types), the 60
minutes segment of normal sinus rhythm preceding AF onset was divided into 6 periods
of 10 minutes. The DFA showed a poor tendency to decrease before the onset of AF and
the change of this parameter was divergent according to the AF type. In contrast, ApEn
and SampEn revealed a linear decrease of complexity irrespective of AF type. In addition,
this result in both ApEn and SampEn before AF onset was not affected whether excluding
the ectopic beats or not. In the authors’ opinion, the meaning of this progressive entropy
reduction before the start of AF was that the heart rate became more orderly before AF; that
is, there is a loss of normal ”healthy” complexity, thus leading to a cardiac environment
vulnerable to the occurrence of AF.

It is interesting note that although nonlinear indices, especially SampEn, have provided to
be better predictors than standard HRV measures, their diagnostic ability in paroxysmal
AF prediction is far from clinically optimal. Thus, in order to improve their discriminant
capability, these nonlinear indices have been combined with other HRV metrics making
use of different classification approaches. In this respect, Chesnokov [62] analyzed the
combination of spectral features, SampEn and MSE of the HRV by using different artificial
intelligent methods. More recently, Mohebbi and Ghassemian have proposed two different
combinations of parameters to reach a diagnostic accuracy higher than 95%. Thus, in a first
way, they computed a RP of the RR-interval series together with five statistically significant
features: recurrence rate, length of longest diagonal segments, average length of the diagonal
lines, entropy and trapping time. These parameters were combined making use of a support
vector machine (SVM)-based classifier [63]. In the second alternative, a SVM-based classifier
was also used to combine spectrum and bispectrum features with SampEn and PP-extracted
parameters from the HRV [64].

Finally, several studies have applied nonlinear indices to the HRV after coronary artery
bypass graft surgery, i.e. before the onset of AF. Thus, Hogue et al [65] showed that patients
who developed AF presented reduced heart rate complexity through ApEn and that standard
measures of HRV did not distinguish between these two groups. Logistic regression analysis
indicated that only lower complexity via ApEn and higher heart rate were independently
associated with AF. In addition, ApEn did not correlate with any other HRV variable, so
that the data provide little evidence for a direct relationship between the magnitude of
ApEn and the level of autonomic modulation of heart rate. In a similar way, Chamchad
et al showed that ApEn provides little complexity in predicting AF after off-pump coronary
artery bypass graft surgery [66] and that the CD was independently associated with AF after
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shown to discriminate among different AF types and to elicit spatial heterogeneities in the
synchronization between different atrial sites. Moreover, a comparison of the real data with
simulation results linked the different shapes of the time delay distribution, and thus the
proposed index, to different underlying electrophysiological propagation patterns.

Finally, CauEn has been recently used to monitor coupling between temporal variations from
two atrial EGMs for paroxysmal and persistent AF episodes [50]. Results showed differences
between both atrial chambers with a higher disorganization in the LA than RA in paroxysmal
AF patients and a more homogenous behavior along the atria in persistent AF patients. These
findings were in strong agreement with the hypothesis that high-frequency periodic sources
located in the LA drive AF [55]. Nonetheless, the result may also support the multiple
wavelet hypothesis, which have a random movement throughout the atria [5].

5. Ventricular activity analysis

Ventricular response during AF has been widely characterized making use of the heart rate
variability (HRV) analysis. Although how the autonomic nervous system exactly modulates
the heart rate remains an open question, HRV can be used to quantify several aspects of
the autonomic heart rate modulation [56]. Standard time and frequency domain methods
of HRV are well described by the Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysiology [57], but they fail to show the
dynamic properties of the fluctuations. Therefore, nonlinear methods have been typically
applied to the HRV for assessing its variability, scaling and correlation properties, thus
providing complementary information to the standard HRV metrics [9]. Within this context,
the next subsections summarize how nonlinear indices has been applied to HRV analysis in
an attempt to understand cardiovascular autonomic regulation before, during and after AF
onset and behavior of the AV node during the arrhythmia.

5.1. HRV analysis during SR

The mechanisms leading to the initiation of AF have been under intensive investigation
within the last decade. It has been proposed that the autonomic nervous system might
have a role in the initiation of this arrhythmia. Precisely, increased vagal tone can predispose
to the development of AF [58]. Thereby, several measures of entropy, such as SampEn and
ApEn, together with the DFA have been applied to study the HRV complexity evolution in
the minutes preceding spontaneous paroxysmal AF onset. To this respect, Vikman et al [59]
studied the DFA and ApEn in 20-minutes intervals before 92 episodes of paroxysmal AF in 22
patients without structural heart disease. A progressive decrease in complexity was observed
by both indices before the AF episodes. In addition, they also noticed lower complexity
values before the onset of AF compared with values obtained from matched healthy control
subjects. In a similar way, Tuzcu et al [58] studied via SampEn the HRV complexity of
30 minutes-length segments containing the ECG immediately preceding a paroxysmal AF
episode and 30 minutes-length segments of ECG during a period distant, at least 45 minutes,
from any episode of AF. Complexity of the HRV was found to be significantly reduced in
the segments preceding AF compared with those distant from any AF occurrence. The same
study was repeated, but premature atrial complexes were previously removed. In this case,
a less pronounced difference was provided. The authors considered that decreased heart
rate complexity, for both cases, reflects a change in cardiovascular autonomic regulation that
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preconditions AF onset. Additionally, the segments preceding AF onset were divided into
three successive 10 minutes periods and analyzed with SampEn in order to show the presence
of a possible trend. A decreasing complexity trend towards the onset of AF was observed
independently on the presence or absence of ectopics, although in the later case the tendency
was less pronounced. According to the authors, the decrease in complexity via SampEn
before the onset of AF resulted mainly from atrial ectopy. Moreover, the decrease was in
consistent agreement with the observed ectopic firing significance, that serves as a trigger of
paroxysmal AF, in subjects without evidence of other structural cardiac abnormalities [60].

On the other hand, because of paroxysmal AF has been classified into vagally-mediated
and sympathetically-mediated types, based on the autonomic profile and the clinical history,
Shin et al [61] analyzed the HRV complexity in these types of AF. In this study, for 44
episodes, divided in three subgroups (vagal, sympathetic and non-related types), the 60
minutes segment of normal sinus rhythm preceding AF onset was divided into 6 periods
of 10 minutes. The DFA showed a poor tendency to decrease before the onset of AF and
the change of this parameter was divergent according to the AF type. In contrast, ApEn
and SampEn revealed a linear decrease of complexity irrespective of AF type. In addition,
this result in both ApEn and SampEn before AF onset was not affected whether excluding
the ectopic beats or not. In the authors’ opinion, the meaning of this progressive entropy
reduction before the start of AF was that the heart rate became more orderly before AF; that
is, there is a loss of normal ”healthy” complexity, thus leading to a cardiac environment
vulnerable to the occurrence of AF.

It is interesting note that although nonlinear indices, especially SampEn, have provided to
be better predictors than standard HRV measures, their diagnostic ability in paroxysmal
AF prediction is far from clinically optimal. Thus, in order to improve their discriminant
capability, these nonlinear indices have been combined with other HRV metrics making
use of different classification approaches. In this respect, Chesnokov [62] analyzed the
combination of spectral features, SampEn and MSE of the HRV by using different artificial
intelligent methods. More recently, Mohebbi and Ghassemian have proposed two different
combinations of parameters to reach a diagnostic accuracy higher than 95%. Thus, in a first
way, they computed a RP of the RR-interval series together with five statistically significant
features: recurrence rate, length of longest diagonal segments, average length of the diagonal
lines, entropy and trapping time. These parameters were combined making use of a support
vector machine (SVM)-based classifier [63]. In the second alternative, a SVM-based classifier
was also used to combine spectrum and bispectrum features with SampEn and PP-extracted
parameters from the HRV [64].

Finally, several studies have applied nonlinear indices to the HRV after coronary artery
bypass graft surgery, i.e. before the onset of AF. Thus, Hogue et al [65] showed that patients
who developed AF presented reduced heart rate complexity through ApEn and that standard
measures of HRV did not distinguish between these two groups. Logistic regression analysis
indicated that only lower complexity via ApEn and higher heart rate were independently
associated with AF. In addition, ApEn did not correlate with any other HRV variable, so
that the data provide little evidence for a direct relationship between the magnitude of
ApEn and the level of autonomic modulation of heart rate. In a similar way, Chamchad
et al showed that ApEn provides little complexity in predicting AF after off-pump coronary
artery bypass graft surgery [66] and that the CD was independently associated with AF after
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coronary artery bypass graft surgery, larger values of HRV complexity being associated with
the development of post-surgery AF [67].

5.2. HRV analysis during AF

In order to characterize the chaos degree in the ventricular response during AF, Stein
et al. [68] implemented an algorithm that uses nonlinear predictive forecasting for the
RR-interval series, predicting its future behavior for a few beats by observing other
sufficiently similar trajectories in the phase space [69]. Thus, given a RR-interval, the next
interval is predicted as the weighed mean of the RR intervals following the three nearest
neighbors (found according to Euclidean distance). Results showed that some patients had
RR interval series during AF significantly (although weakly) predictable on very short-term
scale. This weak predictability, according to the authors, may represent the effect of cyclic
oscillations in vagal and/or sympathetic tone at the level of the AV node.

The aforementioned regularity index presented by Mainardi et al [24] has also been applied
to the evaluation of exercise effect on ECG recordings from patients with persistent AF [70].
As the autonomic nervous system plays an important role among the factors influencing
ventricular response by modulating refractoriness of the AV node, that is mainly dependent
on vagal tone, the purpose of the study was to characterize ventricular response during AF to
changes of the autonomic balance induced by exercise. The index, reflecting nonlinear series
predictability, tended to increase during exercise. It was found that regularity values were
very low compared to SR [71], thus the predictability degree of ventricular response is very
small during AF. Nevertheless, taking linear and nonlinear dynamics into account, the index
succeeded in underlining the increased predictability of ventricular response during exercise.
The results highlighted the relevant activity played by the autonomic nervous system in
patients with AF, as time domain parameters decreased and predictability indices increased.
On the other hand, note that the same regularity index has also been used in order to assess
different characteristics in spontaneous paroxysmal AF termination [71]. Thus, the index
tried to discriminate between paroxysmal AF episodes that terminate immediately (within
1 second) and others that were not observed to terminate for the duration of the long-term
recording, at least for an hour. Results showed higher regularity values for non-terminating
than terminating paroxysmal AF episodes, suggesting in agreement with aforementioned
works a decrease in the HRV complexity prior to the SR restoration [58, 59, 61].

Sun and Wang have also presented two different alternatives from the HRV analysis
to predict spontaneous termination of paroxysmal AF. Thus, in a first way [72], they
characterized RR-interval series and its PP extracting eleven features from statistical and
geometric viewpoints, respectively. A sequential forward search algorithm was utilized for
feature selection and a fuzzy SVM was applied for AF termination prediction. The second
alternative [73] was based on the sign sequence of differences of RR intervals. More precisely,
this sequence of differences was transformed into the sign sequence based on a threshold.
Next, the complexity of the sign sequence and ShEn of probability distribution of substring
length were taken as the features of AF signals. Finally, a fuzzy SVM was used to predict AF
termination. Although a notably high diagnostic accuracy was reached by both algorithms,
the complex combination of multiple parameters in both cases makes difficult the clinical
interpretation of the results. In this sense, clinical meaning of each individual parameter is
blurred within the classification approach.
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On the other hand, Yamada et al [74] analyzed the prognostic significance of ApEn by
quantifying intrinsic unpredictability of the RR patterns and found reduced entropy of
beat-to-beat fluctuations being predictive of cardiac mortality after adjustment for left
ventricular ejection fraction and ischemic etiology of AF. In a similar way, Platonov et al [75]
examined the regularity via ApEn of the RR-interval series during AF using short ECG
tracings in a subgroup of patients enrolled in the MADIT-II study. However, contrary to the
previously mentioned work, ApEn was not predictive of clinical outcome in the MADIT-II
subgroup. Nonetheless, there were important differences in the clinical profile of the ischemic
patients with congestive heart failure enrolled in the MADIT-II study and the patients with
permanent AF with mostly preserved left ventricular ejection fraction studied by Yamada et
al [74].

Finally, PPs were used to determine the ventricular response to AF and quinidine-induced
changes in its variability in an in vivo study in horses [76]. Results showed a distinct shape
in the RR-interval series distribution, suggesting that each RR-interval is determined by the
previous one. This, together with the demonstration that there was a negative correlation
between consecutive RR intervals and that the standard deviation of the mean of RR intervals
was reduced as the AF frequency decreases in the course of quinidine administration,
supported the suggestion that, although in the long-term the ventricular response may seem
unpredictable, in the short term, the beat-to-beat changes in RR intervals follow deterministic
laws established by the frequency-dependent conduction properties of the AV node. On the
other hand, by adding the number of occurrences of RR-interval pairs, a 3-D PP can be
constructed in which clusters of RR intervals can be identified. Interestingly, in AF patients
with clustering of RR intervals, ECV was more effective to restore SR, and, of greater clinical
interest, SR persisted for a longer period than in patients without clustering [77].

5.3. HRV analysis to distinguish between AF and SR

Automated detection of AF in heart beat interval time series is useful in patients with cardiac
implantable electronic devices that record only from the ventricle. To this respect, PPs have
been widely applied to the RR-interval series. Thus, Kikillus et al [78] estimated density
of points in each segment of PP and calculated an indicator of AF from standard deviation
of temporal differences of the consecutive inter-beat intervals. Thuraisingham [79] used
a wavelet method to obtain a filtered time series from the input ECG. He calculated the
standard deviation of the time series and the standard deviation of successive differences,
and the length of the ellipse that characterized the PP. These indicators were used to
discriminate AF from SR. Esperer et al [80] analyzed PP of 2700 patients with atrial
and/or ventricular tachyarrhythmias and 200 controls with pure SR. Each plot obtained was
categorized according to its shape and basic geometric parameters. Thus, results provided
that different shapes were associated with AF and SR, both rhythms being accurately
distinguished. Finally, Park et al [81] extracted three measures from PP characterizing AF and
SR: the number of clusters, mean stepping increment of inter-beat intervals and dispersion
of the points around a diagonal line in the plot. They divided distribution of the number of
clusters into two, calculated mean value of the lower part by k-means clustering method and
classified data whose number of clusters was more than one and less than this mean value as
SR data. In the other case, they tried to discriminate AF from SR using SVM with the other
feature measures: the mean stepping increment and dispersion of the points in the PP.
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coronary artery bypass graft surgery, larger values of HRV complexity being associated with
the development of post-surgery AF [67].

5.2. HRV analysis during AF

In order to characterize the chaos degree in the ventricular response during AF, Stein
et al. [68] implemented an algorithm that uses nonlinear predictive forecasting for the
RR-interval series, predicting its future behavior for a few beats by observing other
sufficiently similar trajectories in the phase space [69]. Thus, given a RR-interval, the next
interval is predicted as the weighed mean of the RR intervals following the three nearest
neighbors (found according to Euclidean distance). Results showed that some patients had
RR interval series during AF significantly (although weakly) predictable on very short-term
scale. This weak predictability, according to the authors, may represent the effect of cyclic
oscillations in vagal and/or sympathetic tone at the level of the AV node.

The aforementioned regularity index presented by Mainardi et al [24] has also been applied
to the evaluation of exercise effect on ECG recordings from patients with persistent AF [70].
As the autonomic nervous system plays an important role among the factors influencing
ventricular response by modulating refractoriness of the AV node, that is mainly dependent
on vagal tone, the purpose of the study was to characterize ventricular response during AF to
changes of the autonomic balance induced by exercise. The index, reflecting nonlinear series
predictability, tended to increase during exercise. It was found that regularity values were
very low compared to SR [71], thus the predictability degree of ventricular response is very
small during AF. Nevertheless, taking linear and nonlinear dynamics into account, the index
succeeded in underlining the increased predictability of ventricular response during exercise.
The results highlighted the relevant activity played by the autonomic nervous system in
patients with AF, as time domain parameters decreased and predictability indices increased.
On the other hand, note that the same regularity index has also been used in order to assess
different characteristics in spontaneous paroxysmal AF termination [71]. Thus, the index
tried to discriminate between paroxysmal AF episodes that terminate immediately (within
1 second) and others that were not observed to terminate for the duration of the long-term
recording, at least for an hour. Results showed higher regularity values for non-terminating
than terminating paroxysmal AF episodes, suggesting in agreement with aforementioned
works a decrease in the HRV complexity prior to the SR restoration [58, 59, 61].

Sun and Wang have also presented two different alternatives from the HRV analysis
to predict spontaneous termination of paroxysmal AF. Thus, in a first way [72], they
characterized RR-interval series and its PP extracting eleven features from statistical and
geometric viewpoints, respectively. A sequential forward search algorithm was utilized for
feature selection and a fuzzy SVM was applied for AF termination prediction. The second
alternative [73] was based on the sign sequence of differences of RR intervals. More precisely,
this sequence of differences was transformed into the sign sequence based on a threshold.
Next, the complexity of the sign sequence and ShEn of probability distribution of substring
length were taken as the features of AF signals. Finally, a fuzzy SVM was used to predict AF
termination. Although a notably high diagnostic accuracy was reached by both algorithms,
the complex combination of multiple parameters in both cases makes difficult the clinical
interpretation of the results. In this sense, clinical meaning of each individual parameter is
blurred within the classification approach.
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On the other hand, Yamada et al [74] analyzed the prognostic significance of ApEn by
quantifying intrinsic unpredictability of the RR patterns and found reduced entropy of
beat-to-beat fluctuations being predictive of cardiac mortality after adjustment for left
ventricular ejection fraction and ischemic etiology of AF. In a similar way, Platonov et al [75]
examined the regularity via ApEn of the RR-interval series during AF using short ECG
tracings in a subgroup of patients enrolled in the MADIT-II study. However, contrary to the
previously mentioned work, ApEn was not predictive of clinical outcome in the MADIT-II
subgroup. Nonetheless, there were important differences in the clinical profile of the ischemic
patients with congestive heart failure enrolled in the MADIT-II study and the patients with
permanent AF with mostly preserved left ventricular ejection fraction studied by Yamada et
al [74].

Finally, PPs were used to determine the ventricular response to AF and quinidine-induced
changes in its variability in an in vivo study in horses [76]. Results showed a distinct shape
in the RR-interval series distribution, suggesting that each RR-interval is determined by the
previous one. This, together with the demonstration that there was a negative correlation
between consecutive RR intervals and that the standard deviation of the mean of RR intervals
was reduced as the AF frequency decreases in the course of quinidine administration,
supported the suggestion that, although in the long-term the ventricular response may seem
unpredictable, in the short term, the beat-to-beat changes in RR intervals follow deterministic
laws established by the frequency-dependent conduction properties of the AV node. On the
other hand, by adding the number of occurrences of RR-interval pairs, a 3-D PP can be
constructed in which clusters of RR intervals can be identified. Interestingly, in AF patients
with clustering of RR intervals, ECV was more effective to restore SR, and, of greater clinical
interest, SR persisted for a longer period than in patients without clustering [77].

5.3. HRV analysis to distinguish between AF and SR

Automated detection of AF in heart beat interval time series is useful in patients with cardiac
implantable electronic devices that record only from the ventricle. To this respect, PPs have
been widely applied to the RR-interval series. Thus, Kikillus et al [78] estimated density
of points in each segment of PP and calculated an indicator of AF from standard deviation
of temporal differences of the consecutive inter-beat intervals. Thuraisingham [79] used
a wavelet method to obtain a filtered time series from the input ECG. He calculated the
standard deviation of the time series and the standard deviation of successive differences,
and the length of the ellipse that characterized the PP. These indicators were used to
discriminate AF from SR. Esperer et al [80] analyzed PP of 2700 patients with atrial
and/or ventricular tachyarrhythmias and 200 controls with pure SR. Each plot obtained was
categorized according to its shape and basic geometric parameters. Thus, results provided
that different shapes were associated with AF and SR, both rhythms being accurately
distinguished. Finally, Park et al [81] extracted three measures from PP characterizing AF and
SR: the number of clusters, mean stepping increment of inter-beat intervals and dispersion
of the points around a diagonal line in the plot. They divided distribution of the number of
clusters into two, calculated mean value of the lower part by k-means clustering method and
classified data whose number of clusters was more than one and less than this mean value as
SR data. In the other case, they tried to discriminate AF from SR using SVM with the other
feature measures: the mean stepping increment and dispersion of the points in the PP.
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Although previous algorithms reached a high classification ability in long heart rate records,
their performance was notably reduced for sort data sets. Similar behavior was appreciated
for MSE measures [23]. Thus, in long RR time series, when matches abound, entropy
metrics can distinguish AF well from SR [23]. However, there is a challenge, though, in
assuring a sufficient number of matches when the data sets are short [82]. Thereby, Lake and
Moorman [82] optimized the SampEn, developing general methods for the rational selection
of the template length m and the tolerance matching r. The major innovation was to allow r

to vary so that sufficient matches are found for confident entropy estimation, with conversion
of the final probability to a density by dividing by the matching region volume, 2rm. The
optimized SampEn estimate and the mean heart beat interval each contributed to accurate
detection of AF in as few as 12 heartbeats. The final algorithm, called the coefficient of
SampEn (COSEn), provided high degrees of accuracy in distinguishing AF from SR in 12-beat
calculations performed hourly. The most common errors were atrial or ventricular ectopy,
which increased entropy despite SR, and atrial flutter, which can have low or high entropy
states depending on dynamics of atrioventricular conduction.

Finally, Segerson et al [83] showed that measures of short-term HRV during SR correlate with
measures of cycle length entropy during paroxysms of AF. More precisely, two measures of
short-term HRV in SR, such as the root mean square of the differences between consecutive
normal intervals (RMSSD) and the inter-beat correlation coefficient (ICC), correlated with
well-established measurements of entropy during AF, such as ShEn and ApEn. Recognizing
that RMSSD and ICC are known measures of parasympathetic function in SR, authors’
claimed that their results suggest a role for vagal regulation of cycle length entropy during
AF.

5.4. HRV analysis to characterize the AV node

During AF, the fibrillatory impulses continuously bombard and penetrate the AV node to
varying degrees (concealed conduction), creating appreciable variability on the AV nodal
refractoriness [84]. Since the AV node is the structure responsible for the conduction of
atrial impulses to the ventricles, the strategy of rate control during AF deals with efforts
to utilize and adjust the propagation properties of the node [84]. Characteristics of AV
conduction have been widely investigated during the last years by using different techniques
and, especially, PP analysis. In this graph, it is possible to identify the lower envelope, which
have been used to characterize the functional refractory period and the rate dependence of
AV node conduction [85, 86]. In addition, the degree of scatter of the PP, calculated as the
root mean square difference of each RR-interval and the lower envelope, has been presented
as a measure of concealed conduction in the AV node [86].

By applying PP analysis to 24-h Holter recordings of 48 patients with chronic AF, it was
suggested that both AV node refractoriness and the degree of concealed AV conduction
during AF may show a circadian rhythm, but also that circadian rhythms may be attenuated
in patients with heart failure [86]. These findings point to the possibility of obtaining
information concerning altered autonomic control of the RR intervals in patients with AF
(and heart failure or other disease) with this simple technique.

On the other hand, Oka et al [87] showed that for some PPs computed from 24-h recordings
exhibited two separate sectors of RR intervals. When this occurred, the RR-interval histogram
disclosed a bimodal distribution in approximately 40% of patients. It should be noted,
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however, that these RR-interval histograms were not stratified for different average heart
rates. Nonetheless, authors suggest that PPs with two sectors could hold information of the
functional refractory periods of each of the two conduction routes that can present the AV
node [87]. Interestingly, the circadian variability of the fast pathway functional refractoriness
was more pronounced than that of the slow pathway. More recently, Climent et at [88] have
presented a method to automatically detect and quantify preferential clusters of RR-intervals.
This method, named Poincaré surface profile (PSP), uses the information of histographic PPs
to filter part of the AV node memory effects. PSP detected all RR populations present in RR
interval histograms in 55 patients with persistent AF and also 67% additional RR populations.
In addition, a reduction of beat-to-beat dependencies allowed a more accurate location of RR
populations. This novel PP-based analysis also allowed monitoring of short-term variations
of preferential conductions, which was illustrated by evaluating the effects of rate control
drugs on each preferential conduction.

6. Conclusions

Different pathophysiologic processes control heart’s behavior during AF in opposite
directions, making difficult the understanding of the mechanisms provoking onset,
maintenance and termination of this arrhythmia. Nonetheless, the state of the art
summarized in the present work suggests that the use of modern methods of nonlinear
analysis can facilitate the understanding of cardiovascular function during AF, in a
complementary way to the traditional linear techniques. Thus, nonlinear indices have
provided robust estimates of AF organization able to reveal information about several aspects
of the arrhythmia. In this respect, clinically relevant information related to the arrhythmia
state and its progression after pharmacological and electrical cardioversion has been shown
by different researches. In addition, nonlinear analysis has shown to play an important role
in the analysis of the ventricular response provoked by the arrhythmia, thus being able to
reflect cardiovascular autonomic regulation changes before, during and after AF onset.
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Although previous algorithms reached a high classification ability in long heart rate records,
their performance was notably reduced for sort data sets. Similar behavior was appreciated
for MSE measures [23]. Thus, in long RR time series, when matches abound, entropy
metrics can distinguish AF well from SR [23]. However, there is a challenge, though, in
assuring a sufficient number of matches when the data sets are short [82]. Thereby, Lake and
Moorman [82] optimized the SampEn, developing general methods for the rational selection
of the template length m and the tolerance matching r. The major innovation was to allow r

to vary so that sufficient matches are found for confident entropy estimation, with conversion
of the final probability to a density by dividing by the matching region volume, 2rm. The
optimized SampEn estimate and the mean heart beat interval each contributed to accurate
detection of AF in as few as 12 heartbeats. The final algorithm, called the coefficient of
SampEn (COSEn), provided high degrees of accuracy in distinguishing AF from SR in 12-beat
calculations performed hourly. The most common errors were atrial or ventricular ectopy,
which increased entropy despite SR, and atrial flutter, which can have low or high entropy
states depending on dynamics of atrioventricular conduction.

Finally, Segerson et al [83] showed that measures of short-term HRV during SR correlate with
measures of cycle length entropy during paroxysms of AF. More precisely, two measures of
short-term HRV in SR, such as the root mean square of the differences between consecutive
normal intervals (RMSSD) and the inter-beat correlation coefficient (ICC), correlated with
well-established measurements of entropy during AF, such as ShEn and ApEn. Recognizing
that RMSSD and ICC are known measures of parasympathetic function in SR, authors’
claimed that their results suggest a role for vagal regulation of cycle length entropy during
AF.

5.4. HRV analysis to characterize the AV node

During AF, the fibrillatory impulses continuously bombard and penetrate the AV node to
varying degrees (concealed conduction), creating appreciable variability on the AV nodal
refractoriness [84]. Since the AV node is the structure responsible for the conduction of
atrial impulses to the ventricles, the strategy of rate control during AF deals with efforts
to utilize and adjust the propagation properties of the node [84]. Characteristics of AV
conduction have been widely investigated during the last years by using different techniques
and, especially, PP analysis. In this graph, it is possible to identify the lower envelope, which
have been used to characterize the functional refractory period and the rate dependence of
AV node conduction [85, 86]. In addition, the degree of scatter of the PP, calculated as the
root mean square difference of each RR-interval and the lower envelope, has been presented
as a measure of concealed conduction in the AV node [86].

By applying PP analysis to 24-h Holter recordings of 48 patients with chronic AF, it was
suggested that both AV node refractoriness and the degree of concealed AV conduction
during AF may show a circadian rhythm, but also that circadian rhythms may be attenuated
in patients with heart failure [86]. These findings point to the possibility of obtaining
information concerning altered autonomic control of the RR intervals in patients with AF
(and heart failure or other disease) with this simple technique.

On the other hand, Oka et al [87] showed that for some PPs computed from 24-h recordings
exhibited two separate sectors of RR intervals. When this occurred, the RR-interval histogram
disclosed a bimodal distribution in approximately 40% of patients. It should be noted,
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however, that these RR-interval histograms were not stratified for different average heart
rates. Nonetheless, authors suggest that PPs with two sectors could hold information of the
functional refractory periods of each of the two conduction routes that can present the AV
node [87]. Interestingly, the circadian variability of the fast pathway functional refractoriness
was more pronounced than that of the slow pathway. More recently, Climent et at [88] have
presented a method to automatically detect and quantify preferential clusters of RR-intervals.
This method, named Poincaré surface profile (PSP), uses the information of histographic PPs
to filter part of the AV node memory effects. PSP detected all RR populations present in RR
interval histograms in 55 patients with persistent AF and also 67% additional RR populations.
In addition, a reduction of beat-to-beat dependencies allowed a more accurate location of RR
populations. This novel PP-based analysis also allowed monitoring of short-term variations
of preferential conductions, which was illustrated by evaluating the effects of rate control
drugs on each preferential conduction.

6. Conclusions

Different pathophysiologic processes control heart’s behavior during AF in opposite
directions, making difficult the understanding of the mechanisms provoking onset,
maintenance and termination of this arrhythmia. Nonetheless, the state of the art
summarized in the present work suggests that the use of modern methods of nonlinear
analysis can facilitate the understanding of cardiovascular function during AF, in a
complementary way to the traditional linear techniques. Thus, nonlinear indices have
provided robust estimates of AF organization able to reveal information about several aspects
of the arrhythmia. In this respect, clinically relevant information related to the arrhythmia
state and its progression after pharmacological and electrical cardioversion has been shown
by different researches. In addition, nonlinear analysis has shown to play an important role
in the analysis of the ventricular response provoked by the arrhythmia, thus being able to
reflect cardiovascular autonomic regulation changes before, during and after AF onset.
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1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia in clinical practice with a
strong impact on public health. The prevalence in the general population is 0.4% and their
incidence increases markedly with age to reach 4-5% in patients over 65 years and 9% in
patients older than 80 years [1]. The main complication associated with this disease is the
development of an embolic event, peripheral or cerebral, strokes being caused by the AF
the most serious and worse prognosis. The risk that a patient suffers a stroke with AF is
related to the presence of other cardioembolic risk factors: hypertension, diabetes mellitus,
heart failure or left ventricular systolic dysfunction, moderately severe, age over 75 years,
female, vascular disease or stroke have shown a previous cerebral (transient or establish‐
ed). These risk factors are reflected in the scales CHADS2 or CHA2DS2-VASC used today to
evaluate this type of patient.

In the management of patients with AF, the most important to improve prognosis is correct
indication of anticoagulant therapy. For over 60 years using vitamin K antagonists (VKAs),
especially warfarin and acenocoumarol, have been shown in several studies a reduction of
70% risk of stroke in AF patients correctly anticoagulated compared with only 22% reduc‐
tion of antiplatelet drugs, or a nonsignificant 19% reduction with acetylsalicylic acid. Thus,
oral anticoagulants (OACs) are recommended in AF patients at moderate-high risk for sroke
and tromboembolism [2]. The VKAs are drugs with proven efficacy, specific antidote in case
of bleeding, possibility of discontinuing medication urgently and low cost. However, VKAs
have limitations that affect the quality of life of patients and increase morbidity: narrow
therapeutic window (International normalized ratio, INR 2.0-3.0) [3], unpredictable re‐
sponse, systematic control of bleeding, frequent dose adjustments and numerous food and
drug interactions. Also, scenarios such as intercurrent infections and other medical condi‐
tions can also modify the values of the INR [4]. These results indicate that it is important to

© 2013 Cid-Conde and López-Castro; licensee InTech. This is an open access article distributed under the
terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which
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stratify each patient, both the risk of stroke such as bleeding, to individually assess what the
best therapeutic approach in each case.

Due to the complexity of the use of VKAs in routine clinical practice in the last decade has
developed an extensive research activity and has seen the introduction of new oral anticoa‐
gulants (NOACs): The direct thrombin inhibitors (dabigatran) and factor Xa (rivaroxaban
and apixaban) that do not possess the disadvantages of the VKAs. These drugs are charac‐
terized by rapid onset of action, low potential for drug and food interactions and a predicta‐
ble anticoagulant effect that avoids the need to monitor coagulation (Table 1) [5-7].

Comparative features of VKAs and NOACs

Advantage Clinical implications

The rapid onset of action No bridge therapy required

Predictable anticoagulant effect No routine coagulation monitoring required

Diana enzymatic cascade specific clotting Low risk of adverse effects related to its mechanism of action

Low potential for interactions with food No dietary restrictions

Low potential for drug interactions Few drugs restrictions

Table 1. Comparative features of VKAs and NOACs

2. Evaluation of the risk of tromboembolism and bleeding to recommend
anticoagulant therapy in the AF

Currently, there have been scales for assessing the risk of stroke and bleeding in patients
with AF. The risk of stroke is classified into low, moderate and high, depending on the fac‐
tors set out in the CHADS2 scale (Table 2) [8]. A higher score greater risk. Patients at high
risk should receive OACs and low risk, acetylsalicylic acid or nothing (prefer no treatment).
In intermediate-risk patients should consider any of the two treatments.

CHADS2 acronym Score

Congestive Heart failure (CHF) 1

Hypertension 1

Aged ≥ 75 years 1

Diabetes mellitus 1

Stroke or transient ischemic attack (TIA) 2

Maximum score 6

Table 2. Stroke risk stratification with the CHADS2 score

Atrial Fibrillation - Mechanisms and Treatment208

Given the limitations of CHADS2 scale, a large proportion of patients are classified as inter‐
mediate risk and to the omission of potential risk factors for thromboembolism, there is the
scale CHA2DS2-VASc [9,10]. This new scale is more comprehensive as additional risk factors:
the presence of vascular disease, a younger age range than the CHADS2 and female category
(Table 3). The patients with a grade of 0 are at low risk and should not be treated. The rest
should be considered for oral anticoagulation, establishing the risk of bleeding by HAS-
BLED scale (Table 4) [11]. In patients with a HAS-BLED score ≥3, caution and regular review
are recomended and to correct the potentially reversible risk factors for bleeding. A high
HAS-BLED score per se should not be used to exclude patients from OAC therapy.

CHA2DS2-VASc acronym Score

CHF or LVEF ≤ 40% 1

Hypertension 1

Aged ≥ 75 years 2

Diabetes mellitus 1

Stroke / TIA / Thromboembolism 2

Vacular disease 1

Aged 65-74 years 1

Sex category (Female) 1

Maximum score 9

Table 3. Stroke risk stratification with the CHA2DS2-VASc score

HAS-BLED risk criteria Score

Hypertension 1

Abnormal renal or liver function (1 point

each)

1 or 2

Stroke 1

Bleeding 1

Labile INRs 1

Elderly (age > 65) 1

Drugs or alcohol (1 point each) 1 or 2

Table 4. HAS-BLED risk criteria

If a patient has a rating of less than 2 on the CHADS2 scale, it also assesses the amendment
CHA2DS2-VASc, although this could be applied directly: if the score is zero, who are at low
risk, with none of the risk factors, no antithrombotic treatment is indicated and if the score is
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stratify each patient, both the risk of stroke such as bleeding, to individually assess what the
best therapeutic approach in each case.

Due to the complexity of the use of VKAs in routine clinical practice in the last decade has
developed an extensive research activity and has seen the introduction of new oral anticoa‐
gulants (NOACs): The direct thrombin inhibitors (dabigatran) and factor Xa (rivaroxaban
and apixaban) that do not possess the disadvantages of the VKAs. These drugs are charac‐
terized by rapid onset of action, low potential for drug and food interactions and a predicta‐
ble anticoagulant effect that avoids the need to monitor coagulation (Table 1) [5-7].

Comparative features of VKAs and NOACs

Advantage Clinical implications

The rapid onset of action No bridge therapy required

Predictable anticoagulant effect No routine coagulation monitoring required

Diana enzymatic cascade specific clotting Low risk of adverse effects related to its mechanism of action
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Low potential for drug interactions Few drugs restrictions

Table 1. Comparative features of VKAs and NOACs

2. Evaluation of the risk of tromboembolism and bleeding to recommend
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Currently, there have been scales for assessing the risk of stroke and bleeding in patients
with AF. The risk of stroke is classified into low, moderate and high, depending on the fac‐
tors set out in the CHADS2 scale (Table 2) [8]. A higher score greater risk. Patients at high
risk should receive OACs and low risk, acetylsalicylic acid or nothing (prefer no treatment).
In intermediate-risk patients should consider any of the two treatments.

CHADS2 acronym Score
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Aged ≥ 75 years 1

Diabetes mellitus 1

Stroke or transient ischemic attack (TIA) 2

Maximum score 6

Table 2. Stroke risk stratification with the CHADS2 score
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Given the limitations of CHADS2 scale, a large proportion of patients are classified as inter‐
mediate risk and to the omission of potential risk factors for thromboembolism, there is the
scale CHA2DS2-VASc [9,10]. This new scale is more comprehensive as additional risk factors:
the presence of vascular disease, a younger age range than the CHADS2 and female category
(Table 3). The patients with a grade of 0 are at low risk and should not be treated. The rest
should be considered for oral anticoagulation, establishing the risk of bleeding by HAS-
BLED scale (Table 4) [11]. In patients with a HAS-BLED score ≥3, caution and regular review
are recomended and to correct the potentially reversible risk factors for bleeding. A high
HAS-BLED score per se should not be used to exclude patients from OAC therapy.
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Stroke / TIA / Thromboembolism 2
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Aged 65-74 years 1

Sex category (Female) 1

Maximum score 9

Table 3. Stroke risk stratification with the CHA2DS2-VASc score
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Abnormal renal or liver function (1 point

each)

1 or 2

Stroke 1

Bleeding 1

Labile INRs 1

Elderly (age > 65) 1

Drugs or alcohol (1 point each) 1 or 2

Table 4. HAS-BLED risk criteria

If a patient has a rating of less than 2 on the CHADS2 scale, it also assesses the amendment
CHA2DS2-VASc, although this could be applied directly: if the score is zero, who are at low
risk, with none of the risk factors, no antithrombotic treatment is indicated and if the score is
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1, is preferred to administer OACs (VKAs or NOACs) based upon an assessment of the risk
of bleeding complications and patient preferences. If CHA2DS2-VASc score equal to or great‐
er than 2, the treatment is with OACs (VKAs or NOACs) is recommended, unless contrain‐
dicated. When the patients refuse the use of OACs (VKAs or NOACs), antiplatelet therapy
should be considered (combination therapy with acetylsalicylic acid plus clopidogrel).

In patients with CHA2DS2-VASc score of 1, apixaban and both doses of dabigatran (110 mg
twice daily and 150 mg twice daily) had a positive net clinical benefit while, in patients with
CHA2DS2-VASc score ≥2, all three NOACs were superior to warfarin, with a positive net
clinical benefit, irrespective of bleeding risk. The patients with CHA2DS2-VASc equal to 0
have a lower risk of stroke and could be left with acetylsalicylic acid or no treatment, prefer‐
ring the latter option, as it has not shown any benefit in this group without treatment.

When using dabigatran, the dose is 150 mg administered twice daily in patients with low
risk of hemorrhage (HAS-BLED scale of 0 to 2) and 110 mg twice daily in patients with in‐
creased risk hemorrhage (HAS-BLED ≥ 3), elderly patients, concomitant use of interacting
drugs and moderate renal impairment (creatinine clearance (CrCl) 30-49 mL/min) [12].When
using rivaroxaban, the dose is 20 mg daily in the most patients and 15 mg daily en high
bleeding risk (HAS-BLED ≥ 3) and moderate renal impairment (CrCl 30-49 mL/min) [13].

3. Objectives of anticoagulant therapy

Anticoagulant therapy is recommended in patients with AF with risk factors for systemic em‐
bolism. The choice of treatment is based on the absolute risk of stroke, the risk of bleeding and
the risk/benefit ratios for each patient [14]. The recent development of NOACs, with innova‐
tive mechanisms of action of therapeutic targets in the coagulation could change the current
standard anticoagulant drug treatment [15]. The NOACs are orally administered drugs that di‐
rectly inhibit the coagulation steps defined by decreasing or inhibiting thrombin generation of
the final enzyme, thrombin. Thrombin (factor IIa) is the end effector of the coagulation cascade
that catalyzes the formation of fibrin from plasma fibrinogen. Is the most potent physiological
agonist of platelet activation, so it is considered a key therapeutic target in the development of
NOACs. The Factor Xa acts as a point of convergence of the intrinsic and extrinsic pathways of
coagulation and catalyzes the conversion of prothrombin to thrombin [16,17]. A single mole‐
cule of factor Xa can generate more than 1.000 molecule of thrombin, as a consequence the in‐
hibition of factor Xa can block this process by reducing the activation of coagulation and
platelet thrombin mediated. Whether the coagulation cascade is inhibited at the level of throm‐
bin and factor Xa, or even above the sequence, the net result is a decreased activity of thrombin.

The NOACs are characterized by specific inhibition of one of the two key factors in the coag‐
ulation system, factor Xa and thrombin. Dabigatran, MCC977 and AZD0837 acts by directly
inhibiting thrombin thus interfere with the first phase (initial phase) and late (amplification /
propagation phase) the model based on the coagulation system. Rivaroxaban, apixaban,
edoxaban, betrixaban, eribaxaban, LY517717, YM150, TAK-442 and bind to either factor Xa
or factor Xa without bound in the prothrombinase complex thus blocking the conversion of
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prothrombin to thrombin in the early stage (stage start) and end (amplification / propaga‐
tion phase) the model based on the coagulation system.

4. New oral anticoagulants

The search of ideal anticoagulant is one of the most active fields of investigation in lasts
years. The ideal anticoagulant would be one that fulfilled the following characteristics: Oral
administration, effective in the treatment of AF and low bleeding risk, predictable kinetics,
which does not require monitoring of coagulation and platelet count, which is not necessary
to adjust the dose, wide therapeutic range, low drug interaction, cost effective and availabili‐
ty of an effective antidote.

With these premises have been developed more specific inhibitors of coagulation factors:
factor Xa and factor II (thrombin). In Table 5, inspired by Phillips and Ansell collected some
of the most relevant pharmacological characteristics of NOACs (dabigatran, ribaroxaban
and apixaban) compared with VKAs (warfarin and acenocoumarol) [18].

Warfarin Acenocoumarol Dabigatran Rivaroxaban Apixaban

Target VKOR and
factors
II,VII,IX, X

VKOR and factors II,
VII,IX,X

Factor IIa
(Thrombin)

Factor Xa Factor Xa

Time to peak
concentration

72-96 h 1,5-3 h 2-4 h 1-3 h

Vol. of dist. 60-70 l 50 l Reported as low
Half-life 40 h 8-11 h 12-14 h 9-13 h 9-14 h
Metabolism Liver-CYP2C9 Liver- CYP2C9 Conjugation Liver-CYP3A4 and

CYP2J2
Partially through
CYP3A4

Elimination Bile and urine Bile and urine 80% renal,
20% faecal

66% faecal,
33% renal

75% faecal,
25% renal

Administration Once Daily Once Daily Once or
Twice daily

Once daily Twice daily

Monitoring INR INR Not needed Not needed Not needed
Antidote or
potencial therapy
for bleedind

Vitamin K, FFP,
PCC or rFVIIa

Vitamin K, FFP, PCC or
rFVIIa

FFP, PCC or
rFVIIa

FFP, PCC or rFVIIa FFP, PCC or
rFVIIa

Assay PT/INR PT/INR Experimental Experimental Experimental
Drug interactions CYP2C9 PPIs decrease

absorption and
potent P-gp
inhibitors

Potent CYP3A4
inhibitors and P-gp
inhibitors

Potent CYP3A4
inhibitors

VKOR: vitamin K oxidase reductase; CYP: cytochrome P450; PCC: prothrombin complex concentrates; PPIs: proton
pump inhibitors; P-gp: P-glycoprotein; h: hour.

Table 5. Summary of pharmacokinetics and pharmacodynamics of VKAs and NOACs
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1, is preferred to administer OACs (VKAs or NOACs) based upon an assessment of the risk
of bleeding complications and patient preferences. If CHA2DS2-VASc score equal to or great‐
er than 2, the treatment is with OACs (VKAs or NOACs) is recommended, unless contrain‐
dicated. When the patients refuse the use of OACs (VKAs or NOACs), antiplatelet therapy
should be considered (combination therapy with acetylsalicylic acid plus clopidogrel).

In patients with CHA2DS2-VASc score of 1, apixaban and both doses of dabigatran (110 mg
twice daily and 150 mg twice daily) had a positive net clinical benefit while, in patients with
CHA2DS2-VASc score ≥2, all three NOACs were superior to warfarin, with a positive net
clinical benefit, irrespective of bleeding risk. The patients with CHA2DS2-VASc equal to 0
have a lower risk of stroke and could be left with acetylsalicylic acid or no treatment, prefer‐
ring the latter option, as it has not shown any benefit in this group without treatment.

When using dabigatran, the dose is 150 mg administered twice daily in patients with low
risk of hemorrhage (HAS-BLED scale of 0 to 2) and 110 mg twice daily in patients with in‐
creased risk hemorrhage (HAS-BLED ≥ 3), elderly patients, concomitant use of interacting
drugs and moderate renal impairment (creatinine clearance (CrCl) 30-49 mL/min) [12].When
using rivaroxaban, the dose is 20 mg daily in the most patients and 15 mg daily en high
bleeding risk (HAS-BLED ≥ 3) and moderate renal impairment (CrCl 30-49 mL/min) [13].

3. Objectives of anticoagulant therapy

Anticoagulant therapy is recommended in patients with AF with risk factors for systemic em‐
bolism. The choice of treatment is based on the absolute risk of stroke, the risk of bleeding and
the risk/benefit ratios for each patient [14]. The recent development of NOACs, with innova‐
tive mechanisms of action of therapeutic targets in the coagulation could change the current
standard anticoagulant drug treatment [15]. The NOACs are orally administered drugs that di‐
rectly inhibit the coagulation steps defined by decreasing or inhibiting thrombin generation of
the final enzyme, thrombin. Thrombin (factor IIa) is the end effector of the coagulation cascade
that catalyzes the formation of fibrin from plasma fibrinogen. Is the most potent physiological
agonist of platelet activation, so it is considered a key therapeutic target in the development of
NOACs. The Factor Xa acts as a point of convergence of the intrinsic and extrinsic pathways of
coagulation and catalyzes the conversion of prothrombin to thrombin [16,17]. A single mole‐
cule of factor Xa can generate more than 1.000 molecule of thrombin, as a consequence the in‐
hibition of factor Xa can block this process by reducing the activation of coagulation and
platelet thrombin mediated. Whether the coagulation cascade is inhibited at the level of throm‐
bin and factor Xa, or even above the sequence, the net result is a decreased activity of thrombin.

The NOACs are characterized by specific inhibition of one of the two key factors in the coag‐
ulation system, factor Xa and thrombin. Dabigatran, MCC977 and AZD0837 acts by directly
inhibiting thrombin thus interfere with the first phase (initial phase) and late (amplification /
propagation phase) the model based on the coagulation system. Rivaroxaban, apixaban,
edoxaban, betrixaban, eribaxaban, LY517717, YM150, TAK-442 and bind to either factor Xa
or factor Xa without bound in the prothrombinase complex thus blocking the conversion of
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prothrombin to thrombin in the early stage (stage start) and end (amplification / propaga‐
tion phase) the model based on the coagulation system.

4. New oral anticoagulants

The search of ideal anticoagulant is one of the most active fields of investigation in lasts
years. The ideal anticoagulant would be one that fulfilled the following characteristics: Oral
administration, effective in the treatment of AF and low bleeding risk, predictable kinetics,
which does not require monitoring of coagulation and platelet count, which is not necessary
to adjust the dose, wide therapeutic range, low drug interaction, cost effective and availabili‐
ty of an effective antidote.

With these premises have been developed more specific inhibitors of coagulation factors:
factor Xa and factor II (thrombin). In Table 5, inspired by Phillips and Ansell collected some
of the most relevant pharmacological characteristics of NOACs (dabigatran, ribaroxaban
and apixaban) compared with VKAs (warfarin and acenocoumarol) [18].

Warfarin Acenocoumarol Dabigatran Rivaroxaban Apixaban

Target VKOR and
factors
II,VII,IX, X

VKOR and factors II,
VII,IX,X

Factor IIa
(Thrombin)

Factor Xa Factor Xa

Time to peak
concentration

72-96 h 1,5-3 h 2-4 h 1-3 h

Vol. of dist. 60-70 l 50 l Reported as low
Half-life 40 h 8-11 h 12-14 h 9-13 h 9-14 h
Metabolism Liver-CYP2C9 Liver- CYP2C9 Conjugation Liver-CYP3A4 and

CYP2J2
Partially through
CYP3A4

Elimination Bile and urine Bile and urine 80% renal,
20% faecal

66% faecal,
33% renal

75% faecal,
25% renal

Administration Once Daily Once Daily Once or
Twice daily

Once daily Twice daily

Monitoring INR INR Not needed Not needed Not needed
Antidote or
potencial therapy
for bleedind

Vitamin K, FFP,
PCC or rFVIIa

Vitamin K, FFP, PCC or
rFVIIa

FFP, PCC or
rFVIIa

FFP, PCC or rFVIIa FFP, PCC or
rFVIIa

Assay PT/INR PT/INR Experimental Experimental Experimental
Drug interactions CYP2C9 PPIs decrease

absorption and
potent P-gp
inhibitors

Potent CYP3A4
inhibitors and P-gp
inhibitors

Potent CYP3A4
inhibitors

VKOR: vitamin K oxidase reductase; CYP: cytochrome P450; PCC: prothrombin complex concentrates; PPIs: proton
pump inhibitors; P-gp: P-glycoprotein; h: hour.

Table 5. Summary of pharmacokinetics and pharmacodynamics of VKAs and NOACs
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The following describes the characteristics of each one of them:

4.1. Dabigatran

It is a potent, selective and reversible thrombin [19]. Has been authorized, among other indi‐
cations, in preventing stroke and systemic embolism in adult patients with non-valvular AF
with one or more risk factors: stroke, transient ischemic attack or previous systemic embo‐
lism, left ventricular ejection fraction <40 %, symptomatic heart failure class ≥ 2 scale New
Cork Heart Association (NYHA), age ≥ 75 years, age ≥ 65 years associated with diabetes mel‐
litus, coronary artery disease or hypertension.

It is administered orally as a prodrug (dabigatran etexilate), which is rapidly transformed by
intestinal bioconversion by esterases to its active form. With a bioavailability of 6.5% for ad‐
equate absorption requires an acidic microenvironment, provided by multiple tartaric acid
microspheres present in the composition of the capsules. It reaches its peak plasma concen‐
tration 2 hours after administration, with slight delays in the presence of food (up to 4
hours) or in the postoperative period (up to 6 hours). Elimination half life is about 12-14
hours. Approximately 20% of the drug is metabolized in the liver and excreted by the biliary
system, independent of cytochrome P450. Most of dabigatran (about 80%) is eliminated re‐
nally as unchanged, so that his administration is contraindicated in patients with severe re‐
nal impairment (CrCl <30 mL/min), requiring administered with caution (setting dose) in
patients with CrCl 30-49 mL/min. No other adjustments are required, except in patients over
75 years, which should decrease the dose. Administration is not recommended if liver en‐
zymes are elevated (transaminases 2 times baseline). Are recommended a baseline measure‐
ment before starting treatment, in patients with severe renal impairment (CrCl <30 mL/min)
or in cases of concomitant quinidine. The main adverse event of dyspepsia is related to the
pharmaceutical formulation. Dabigatran need a daily oral dose and fixed (in two doses), in‐
dependent of age, weight and race, with predictable effects and constant, without significant
interactions with food or other drugs without coagulation controls. The absorption of dabi‐
gatran administration is reduced by approximately 25% with the co-administration of pro‐
ton pump inhibitors. Dabigatran is contraindicated if the patient is treated with systemic
ketoconazole, cyclosporine, itraconazole and tacrolimus, and should be used with caution if
the patient is receiving other potent inhibitors of P-glycoprotein (P-gp): amiodarone, quini‐
dine or verapamil.

4.2. Rivaroxaban

It is a potent and selective inhibitor of factor Xa [20], having peak plasma levels approxi‐
mately 3 hours after oral ingestion. As dabigatran, is indicated for the prevention of stroke
and systemic embolism in adult patients with non-valvular AF, with one or more risk fac‐
tors: congestive heart failure, hypertension, age ≥75 years, diabetes mellitus, stroke or attack
transient ischemic. Bioavailability is 80-100% for the dose of 10 mg. Rapidly absorbed and
reaches peak concentrations at 2-4 hours after ingestion. Its plasma half-life is 5 to 9 hours
but increases markedly in people over 75 years from 9 to 13 hours. Not recommended for
use in patients with CrCl <15 mL/min. The intensity of inhibition and, therefore, the genera‐
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tion of thrombin, is dose dependent, meaning that high doses could compromise coagula‐
tion. Has a dual route of elimination: 1/3 of the drug is eliminated via the kidney and 2/3 of
the drug has hepatic metabolism. No interaction was observed with drugs such as acetylsali‐
cylic acid, aluminum hydroxide and magnesium, ranitidine or naproxen. Its bioavailability
increases with inhibitors of CYP3A4 and P-gp, such as ketoconazole and ritonavir, and di‐
minishes with rifampicin. The bioavailability increases only marginally with food.

4.3. Apixaban

It is an oral potent inhibitor reversible and highly selective direct factor Xa [21]. Has greater
affinity for factor Xa attached to clot which is free. Inhibits and delays the generation of
thrombin without significantly affecting platelet aggregation. The oral bioavailability is ap‐
proximately 50%. Rapidly absorbed and reaches peak concentrations at 3-4 hours after in‐
gestion. Food intake does not affect the area under the curve or maximum concentration,
and can be taken with or without food. The binding to plasma proteins is 87%. The half-life
is 12 hours and is metabolized with CYP3A4/5. It is also a substrate binding proteins, P-gp.
Not recommended for use with potent CYP3A4 inhibitors and P-gp and that may increase
exposure to apixaban twice. With the administration of inductors opposite happens. Aproxi‐
mately 25% of the drug is excreted in the urine and more than 50% in the feces. The multiple
elimination pathways suggest that even patients with moderate hepatic or renal impairment
may be suitable for this anticoagulant. No need to monitor renal function.

4.4. Oral anticoagulants under investigation

Currently, there are other investigational drugs: direct thrombin inhibitor (AZD0837 and
MCC977), direct inhibitors of factor Xa (betrixaban, YM150, edoxaban, eribaxaban,
LY517717, TAK-442, otamixaban (parenteral) [22].

5. Monitoring of NOACs

The NOACs not require routine monitoring. However, there are situations where it is advis‐
able to monitor selected patients as those with extreme weights, kidney failure or those who
suffer thrombotic complications being treated with these drugs.

As a result of the occurrence of serious adverse effects, including severe gastrointestinal
bleeding (81 cases) and deaths (260 cases) of bleeding in patients treated with dabigatran
were published safety ratings by the rating agencies worldwide drug advising monitoring
of renal function in patients with moderate renal impairment (30-50 mL/min) receiving dabi‐
gatran and in patients over 75 years. Rivaroxaban is contraindicated if CrCl <15 mL/min,
and should be used with caution if is 15-30 mL/min.

Monitoring is also useful to evaluate the adherence to treatment (the omission of one or
more doses puts the patient at risk of complications at an early stage) or when the patient
needs to undergo an invasive procedure. When subjecting a patient to an invasive proce‐
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The following describes the characteristics of each one of them:
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with one or more risk factors: stroke, transient ischemic attack or previous systemic embo‐
lism, left ventricular ejection fraction <40 %, symptomatic heart failure class ≥ 2 scale New
Cork Heart Association (NYHA), age ≥ 75 years, age ≥ 65 years associated with diabetes mel‐
litus, coronary artery disease or hypertension.

It is administered orally as a prodrug (dabigatran etexilate), which is rapidly transformed by
intestinal bioconversion by esterases to its active form. With a bioavailability of 6.5% for ad‐
equate absorption requires an acidic microenvironment, provided by multiple tartaric acid
microspheres present in the composition of the capsules. It reaches its peak plasma concen‐
tration 2 hours after administration, with slight delays in the presence of food (up to 4
hours) or in the postoperative period (up to 6 hours). Elimination half life is about 12-14
hours. Approximately 20% of the drug is metabolized in the liver and excreted by the biliary
system, independent of cytochrome P450. Most of dabigatran (about 80%) is eliminated re‐
nally as unchanged, so that his administration is contraindicated in patients with severe re‐
nal impairment (CrCl <30 mL/min), requiring administered with caution (setting dose) in
patients with CrCl 30-49 mL/min. No other adjustments are required, except in patients over
75 years, which should decrease the dose. Administration is not recommended if liver en‐
zymes are elevated (transaminases 2 times baseline). Are recommended a baseline measure‐
ment before starting treatment, in patients with severe renal impairment (CrCl <30 mL/min)
or in cases of concomitant quinidine. The main adverse event of dyspepsia is related to the
pharmaceutical formulation. Dabigatran need a daily oral dose and fixed (in two doses), in‐
dependent of age, weight and race, with predictable effects and constant, without significant
interactions with food or other drugs without coagulation controls. The absorption of dabi‐
gatran administration is reduced by approximately 25% with the co-administration of pro‐
ton pump inhibitors. Dabigatran is contraindicated if the patient is treated with systemic
ketoconazole, cyclosporine, itraconazole and tacrolimus, and should be used with caution if
the patient is receiving other potent inhibitors of P-glycoprotein (P-gp): amiodarone, quini‐
dine or verapamil.

4.2. Rivaroxaban

It is a potent and selective inhibitor of factor Xa [20], having peak plasma levels approxi‐
mately 3 hours after oral ingestion. As dabigatran, is indicated for the prevention of stroke
and systemic embolism in adult patients with non-valvular AF, with one or more risk fac‐
tors: congestive heart failure, hypertension, age ≥75 years, diabetes mellitus, stroke or attack
transient ischemic. Bioavailability is 80-100% for the dose of 10 mg. Rapidly absorbed and
reaches peak concentrations at 2-4 hours after ingestion. Its plasma half-life is 5 to 9 hours
but increases markedly in people over 75 years from 9 to 13 hours. Not recommended for
use in patients with CrCl <15 mL/min. The intensity of inhibition and, therefore, the genera‐
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tion of thrombin, is dose dependent, meaning that high doses could compromise coagula‐
tion. Has a dual route of elimination: 1/3 of the drug is eliminated via the kidney and 2/3 of
the drug has hepatic metabolism. No interaction was observed with drugs such as acetylsali‐
cylic acid, aluminum hydroxide and magnesium, ranitidine or naproxen. Its bioavailability
increases with inhibitors of CYP3A4 and P-gp, such as ketoconazole and ritonavir, and di‐
minishes with rifampicin. The bioavailability increases only marginally with food.

4.3. Apixaban

It is an oral potent inhibitor reversible and highly selective direct factor Xa [21]. Has greater
affinity for factor Xa attached to clot which is free. Inhibits and delays the generation of
thrombin without significantly affecting platelet aggregation. The oral bioavailability is ap‐
proximately 50%. Rapidly absorbed and reaches peak concentrations at 3-4 hours after in‐
gestion. Food intake does not affect the area under the curve or maximum concentration,
and can be taken with or without food. The binding to plasma proteins is 87%. The half-life
is 12 hours and is metabolized with CYP3A4/5. It is also a substrate binding proteins, P-gp.
Not recommended for use with potent CYP3A4 inhibitors and P-gp and that may increase
exposure to apixaban twice. With the administration of inductors opposite happens. Aproxi‐
mately 25% of the drug is excreted in the urine and more than 50% in the feces. The multiple
elimination pathways suggest that even patients with moderate hepatic or renal impairment
may be suitable for this anticoagulant. No need to monitor renal function.

4.4. Oral anticoagulants under investigation

Currently, there are other investigational drugs: direct thrombin inhibitor (AZD0837 and
MCC977), direct inhibitors of factor Xa (betrixaban, YM150, edoxaban, eribaxaban,
LY517717, TAK-442, otamixaban (parenteral) [22].

5. Monitoring of NOACs

The NOACs not require routine monitoring. However, there are situations where it is advis‐
able to monitor selected patients as those with extreme weights, kidney failure or those who
suffer thrombotic complications being treated with these drugs.

As a result of the occurrence of serious adverse effects, including severe gastrointestinal
bleeding (81 cases) and deaths (260 cases) of bleeding in patients treated with dabigatran
were published safety ratings by the rating agencies worldwide drug advising monitoring
of renal function in patients with moderate renal impairment (30-50 mL/min) receiving dabi‐
gatran and in patients over 75 years. Rivaroxaban is contraindicated if CrCl <15 mL/min,
and should be used with caution if is 15-30 mL/min.

Monitoring is also useful to evaluate the adherence to treatment (the omission of one or
more doses puts the patient at risk of complications at an early stage) or when the patient
needs to undergo an invasive procedure. When subjecting a patient to an invasive proce‐
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dure, it is important to note that the drug half-life (12-14 hours dabigatran, rivaroxaban 9-13
hours and apixaban 9-14 hours). If the invasive procedure has a low bleeding risk, it is suffi‐
cient to suspend the drug 24-36 hours before surgery and if no complications arise, resume
anticoagulant treatment at 36-48 hours [23].

The ideal test for monitoring of direct thrombin inhibitors is the coagulation time of ecarin,
with a linear relationship, and a good slope and discriminate levels of dabigatran in plasma.
The problem is that it is non-standardized and few laboratories possess it.

The studies suggest that dabigatran monitoring will be done with a variant of thrombin time
(TT). TT is very sensitive, with a linear relationship, but with a high slope, so that at low
concentrations of dabigatran, TT extends above the detection limit of the coagulometer. It is
a very good from a qualitative point of view, to assess adherence to treatment, but cannot
quantify levels. The thrombin time will be a diluted thrombin time, marketed as Hemoclot®,
which manages to improve the linear relationship with respect to TT and discriminate be‐
tween low, intermediate and high dabigatran in plasma [24].

Monitoring of rivaroxaban will be done by a method chromogenic anti-factor Xa. This test is
marketed as anti-Xa assay. Is a sensitive and accurate, useful to measure the maximum and
minimum plasma concentrations of rivaroxaban [25,26].

6. Bleeding complications and antidotes

The fear of bleeding complications is one of the most prevalent obstacles in anticoagulant
treatment in AF, especially cerebral hemorrhage.

These drugs have no specific antidotes which is a problem in patients who are at high risk of
bleeding or hemorrhagic. Dabigatran is a dialyzable drug, which can eliminate up to 60% of
the molecule in serum. Other possibilities include the use of activated coal and of neutraliz‐
ing antibodies but are lacking in vivo experience. With respect to rivaroxaban is working in
a variant of factor Xa would compete with the normal to factor Xa when joining rivaroxaban
and thus the effect would be reversed.

In order to reverse the effect of NOACs designed a crossover trial, randomized, double-
blind, placebo-controlled study included 12 healthy male volunteers. Received rivaroxaban
20 mg/12h or dabigatran 15 mg/12h for 2.5 days followed by a single bolus of 50 IU/kg of
prothrombin complex concentrate (PCC) or similar volume of saline. The results concluded
that the PCC completely and immediately reversed the anticoagulant effect of ribaroxaban
but had no influence on the effect of dabigatran at the doses used in this study. These results
should be analyzed with caution due to small sample size (12 patients) and the characteris‐
tics of the population that was part of the study (only male patients and healthy). [27]. An‐
other study found the low doses of non-specific reversal agents (anticoagulant anti-inhibitor
complex with non-activated factors II, IX and X and activated factor VII) appear to be able to
reverse the anticoagulant activity of rivaroxaban or dabigatran. However, clinical evaluation
is needed regarding haemorrhagic situations, and a meticulous risk-benefit evaluation [28].
The absence of normalization of coagulation tests not necessarily correlate with the absence
of anti-haemorrhagic effect, as demonstrated in animal models [24].
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Thus, in a patient treated with dabigatran and rivaroxaban that presents a mild bleeding
complication, it is advisable to delay the next drug administration or discontinuation. If
bleeding is moderate or severe, symptomatic treatment is indicated as mechanical compres‐
sion standard, surgical hemostasis bleeding control procedure, blood products and hemody‐
namic support (packed red cells or fresh frozen plasma). In the case of very severe bleeding
will require charcoal filtration or haemodialysis or administration of an agent for reversing
the specific procoagulant effect, such as prothrombin complex, the prothrombin complex
concentrate or activated recombinant factor VIIa. In this case, experience is limited.

7. Evaluation of scientific evidence, relevance and limitations of the study

It will analyze the scientific evidence, the limitations of design and the clinical relevance of
the results of published clinical trials (RE-LY, ROCKET AF, AVERROES and ARISTOTLE).
In general, these new drugs are at least equally effective and safer than warfarin, with the
advantage of inducing a lesser extent intracerebral hemorrhages (Table 6).

Dabigatran Rivaroxaban Apixaban

(RE-LY) (ROCKET AF) (AVERROES) (ARISTOTLE)

Study design
Randomized open

label

Multicenter,

randomized, double-

blind, double-dummy

Multicenter,

randomized, double-

blind, double-

dummy

Multicenter,

randomized, double-

blind, doble-dummy

Number of patients 18.113 14.264 5.599 18.201

Mean age 71.5 years 73 years 70 years 70 years

Male:female ratio 63.6%: 36.4% 60%:40% 58.5%: 41.5% 64.7%: 35,30%

Follow-up period,

years
2 years 1.9 years 1.1 years 1.8 years

Randomized groups

Dose-ajusted WA vs.

blinded doses of DA

(150 mg BID, 110 mg

BID)

Dose-ajusted WA vs. RI

20 mg OD

AAS 81-324 mg OD

vs. API 5 mg BID

Dose-ajusted WA vs.

API 5 mg BID

Mean CHADS2 score 2.1 3.5 2.1 2.1

Primary endpoint:

stroke and systemic

embolism (in % per

year)

1.71% WA

1.54% DA 110mg

1.11% DA 150mg

2.42% WA

2.12% RI

3.9% AAS

1.7% API

1.60% WA

1.27% API

Major bleeding events

3.57% WA

2.87% DA 110mg

3.32% DA 150mg

3.45% WA

3.6% RI

1.2% AAS

1.4% API

3.09% WA

2.13% API

BID: twice daily; OD: once daily; WA: warfarin; DA: dabigatran; RI: rivaroxaban; API: apixaban; AAS: acetylsalicylic acid

Table 6. Summary of the main clinical trials with NOACs
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ing antibodies but are lacking in vivo experience. With respect to rivaroxaban is working in
a variant of factor Xa would compete with the normal to factor Xa when joining rivaroxaban
and thus the effect would be reversed.

In order to reverse the effect of NOACs designed a crossover trial, randomized, double-
blind, placebo-controlled study included 12 healthy male volunteers. Received rivaroxaban
20 mg/12h or dabigatran 15 mg/12h for 2.5 days followed by a single bolus of 50 IU/kg of
prothrombin complex concentrate (PCC) or similar volume of saline. The results concluded
that the PCC completely and immediately reversed the anticoagulant effect of ribaroxaban
but had no influence on the effect of dabigatran at the doses used in this study. These results
should be analyzed with caution due to small sample size (12 patients) and the characteris‐
tics of the population that was part of the study (only male patients and healthy). [27]. An‐
other study found the low doses of non-specific reversal agents (anticoagulant anti-inhibitor
complex with non-activated factors II, IX and X and activated factor VII) appear to be able to
reverse the anticoagulant activity of rivaroxaban or dabigatran. However, clinical evaluation
is needed regarding haemorrhagic situations, and a meticulous risk-benefit evaluation [28].
The absence of normalization of coagulation tests not necessarily correlate with the absence
of anti-haemorrhagic effect, as demonstrated in animal models [24].
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7.1. Dabigatran

The RE-LY is  the largest  study of  AF (Randomized Evaluation of  Long term anticoagu‐
lant  therapy)  [29].  The  primary  endpoint  was  to  establish  non-inferiority  of  dabigatran
etexilate  compared with  warfarin  for  a  minimum of  1  year  follow-up to  a  maximum 3
years, median follow-up of 2 years in 18.113 patients with nonvalvular AF (mean age 71
years) with at least one of the following risk factors for stroke: previous stroke or transi‐
ent  ischemic  attack,  left  ventricular  ejection  fraction  <40%,  symptoms  of  heart  failure
class 2 or higher NYHA, age >75 years or 65-74 years associated with diabetes mellitus,
hypertension  or  coronary  artery  disease.  Meanwhile,  we  excluded patients  with:  severe
valvular  disease,  recent  stroke,  (a  condition  that  increases  the  risk  of  bleeding),  CrCl
<30mL/min, active liver disease and pregnancy.

Patients were randomized into three treatment arms: 110 mg dabigatran twice daily, dabiga‐
tran 150 mg twice daily and adjusted dose warfarin (INR 2.0-3.0). In patients randomized to
receive warfarin, the average percentage of time within therapeutic range (INR = 2.0-3.0)
were 64.4%. Dabigatran was administered in a blinded fashion in both treatment arms; the
administration of warfarin was opened. In all branches were allowed concomitant use of
acetylsalicylic acid or other antiplatelet agent. Also allowed the concomitant use of quini‐
dine with dabigatran during the first two years of the study, when it was prohibited by the
possibility of interaction with dabigatran.

The primary endpoint studied was the appearance of stroke or systemic embolic event and
the primary safety outcome was the occurrence of serious bleeding. The criterion for non-
inferiority was established that the upper limit of confidence interval (CI) 97.5% of the rela‐
tive risk of occurrence of stroke or systemic embolism with dabigatran compared to
warfarin was <1.46. The non-inferiority margin was established from the results of a meta-
analysis with VKAs against a control treatment in patients with AF. The value of 1.46 repre‐
sents half of the 95% CI relative risk estimated effect on warfarin control. All analyzes were
by intention to treat (ITT).

The results for the primary endpoint were: onset of stroke or systemic embolism in 182 pa‐
tients in the group treated with dabigatran 110 mg (1.53% per year), in 134 patients with da‐
bigatran 150 mg (1.11% per year) and 199 patients with warfarin (1.69% per year). The two
treatment groups dabigatran meet the criteria for non-inferiority to be the upper limit of
95% relative risk less than 1.46 (1.11 in the first case and 0.82 in the second), but only dabiga‐
tran 150 mg was associated with lower rate of stroke and embolic events than warfarin (RR
= 0.66, 95% CI 0.53 to 0.82), dabigatran 110 mg was similar to warfarin.

Regarding security, in the RE-LY study, the treatment with dabigatran was associated with
an "annual rate" of major bleeding (defined as bleeding associated with a decrease in hemo‐
globin of at least 2g/dL, transfusion of at least 2 units of whole blood or symptomatic bleed‐
ing in a critical organ or area (intraocular, intracranial, intraspinal or intramuscular with
compartment syndrome, retroperitoneal bleeding, bleeding or intra-articular pericardial
bleeding). Severe bleeding was divided in turn into intracranial hemorrhage (intracerebral
or subdural) and extracranial (gastrointestinal or not gastrointestinal). The major bleeds
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were categorized as critical if they met one or more of the following criteria: fatal bleeding,
symptomatic intracranial bleeding, reduced hemoglobin of at least 5g/dL, transfusion of at
least 4 units of whole blood or packed red cells, bleeding associated with hypotension re‐
quiring the use of intravenous inotropic agents, bleeding required surgery) of 2.71% for da‐
bigatran 110 mg, 3.11% for dabigatran 150 mg and 3.36% for warfarin. No significant
difference in major bleeding between dabigatran 150 mg twice daily and warfarin; on the
contrary, dabigatran 110 mg twice daily resulted in less major bleeding, RR 0.80 (95% CI:
0.69 to 0.93) p = 0.003. As for minor bleeding (defined as all non-major bleeding definition,
previously expressed) annual rates were 13.16%, 14.84% and 16.37% for dabigatran 110 mg,
dabigatran 150 mg and warfarin, respectively. In this case, the risk was significantly lower
for dabigatran 110 mg [RR = 0.79 (95% CI: 0.74 to 0.84)] and dabigatran 150 mg [RR = 0.91
(95% CI: 0.85 to 0.97)] with respect to warfarin and was higher for dabigatran 150 mg versus
dabigatran 110 mg [RR = 1.16 (95% CI: 1.08 to 1.24)]. Similarly, the risk of intracranial hemor‐
rhage was significantly lower for dabigatran 110 mg [RR = 0.31 (95% CI: 0.20 to 0.47)] and
for dabigatran 150 mg [RR = 0.40 (95% CI: 0.27 to 0.60)] against warfarin and no significant
differences between the two doses of dabigatran. However, the risk of bleeding severe gas‐
trointestinal was significantly higher in the group treated with dabigatran 150 mg versus
warfarin [RR = 1.50 (95% CI: 1.19 to 1.89)] and versus dabigatran 110 mg [RR = 1.36 (95% CI:
1.09 to 1.70)]. The overall mortality (4%) showed no significant differences (p=0.051) be‐
tween dabigatan 150 mg twice daily and warfarin, although the rate of deaths from vascular
causes was significantly lower in the group treated with dabigatran 150 mg twice daily
(p=0.04).

The results of dabigatran 150 mg dose showed that the benefit is somewhat larger than war‐
farin in CHADS2≥ 2 while the hemorrhagic risk is similar in both groups. In CHADS2 = 0-1
the benefit is also somewhat higher than warfarin while the hemorrhagic risk is somewhat
lower. A dose of 110 mg the benefit and bleeding risk is similar in every category of
CHADS2 except for the category CHADS2 = 0-1 where the risk is somewhat lower.

Dropout  rates  were  higher  with dabigatran:  14.5% with dabigatran 110 mg,  15.5% with
150 mg dabigatran and 10.2% with warfarin the first year and 20.7% with dabigatran 110
mg, 21.2% with dabigatran 150 mg and 16.6% with warfarin the second year. There were
more withdrawals due to serious adverse events with dabigatran (2.7%) than with war‐
farin (1.7%).

The incidence of myocardial infarction was higher with dabigatran 110 mg twice daily
(0.72%, p = 0.07) and dabigatran 150 mg twice daily (0.74%, p = 0.048) than warfarin (0.53%),
having calculated that myocardial infarction could occur for every 500 patients treated with
dabigatran. With the correction of the results of RE-LY study the differentiation in the appa‐
rition of the myocardial infarction no longer statistically significant. However, a meta-analy‐
sis of 7 trials published recently concluded that the use of dabigatran is associated with an
increased risk of myocardial infarction or acute coronary syndrome in a broad spectrum of
patients compared with VKAs, antiplatelet or placebo [30]. Although the absolute risk may
be low, it is necessary to closely monitor patients and the importance of improving pharma‐
covigilance systems [31].
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tran 150 mg was associated with lower rate of stroke and embolic events than warfarin (RR
= 0.66, 95% CI 0.53 to 0.82), dabigatran 110 mg was similar to warfarin.

Regarding security, in the RE-LY study, the treatment with dabigatran was associated with
an "annual rate" of major bleeding (defined as bleeding associated with a decrease in hemo‐
globin of at least 2g/dL, transfusion of at least 2 units of whole blood or symptomatic bleed‐
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were categorized as critical if they met one or more of the following criteria: fatal bleeding,
symptomatic intracranial bleeding, reduced hemoglobin of at least 5g/dL, transfusion of at
least 4 units of whole blood or packed red cells, bleeding associated with hypotension re‐
quiring the use of intravenous inotropic agents, bleeding required surgery) of 2.71% for da‐
bigatran 110 mg, 3.11% for dabigatran 150 mg and 3.36% for warfarin. No significant
difference in major bleeding between dabigatran 150 mg twice daily and warfarin; on the
contrary, dabigatran 110 mg twice daily resulted in less major bleeding, RR 0.80 (95% CI:
0.69 to 0.93) p = 0.003. As for minor bleeding (defined as all non-major bleeding definition,
previously expressed) annual rates were 13.16%, 14.84% and 16.37% for dabigatran 110 mg,
dabigatran 150 mg and warfarin, respectively. In this case, the risk was significantly lower
for dabigatran 110 mg [RR = 0.79 (95% CI: 0.74 to 0.84)] and dabigatran 150 mg [RR = 0.91
(95% CI: 0.85 to 0.97)] with respect to warfarin and was higher for dabigatran 150 mg versus
dabigatran 110 mg [RR = 1.16 (95% CI: 1.08 to 1.24)]. Similarly, the risk of intracranial hemor‐
rhage was significantly lower for dabigatran 110 mg [RR = 0.31 (95% CI: 0.20 to 0.47)] and
for dabigatran 150 mg [RR = 0.40 (95% CI: 0.27 to 0.60)] against warfarin and no significant
differences between the two doses of dabigatran. However, the risk of bleeding severe gas‐
trointestinal was significantly higher in the group treated with dabigatran 150 mg versus
warfarin [RR = 1.50 (95% CI: 1.19 to 1.89)] and versus dabigatran 110 mg [RR = 1.36 (95% CI:
1.09 to 1.70)]. The overall mortality (4%) showed no significant differences (p=0.051) be‐
tween dabigatan 150 mg twice daily and warfarin, although the rate of deaths from vascular
causes was significantly lower in the group treated with dabigatran 150 mg twice daily
(p=0.04).

The results of dabigatran 150 mg dose showed that the benefit is somewhat larger than war‐
farin in CHADS2≥ 2 while the hemorrhagic risk is similar in both groups. In CHADS2 = 0-1
the benefit is also somewhat higher than warfarin while the hemorrhagic risk is somewhat
lower. A dose of 110 mg the benefit and bleeding risk is similar in every category of
CHADS2 except for the category CHADS2 = 0-1 where the risk is somewhat lower.

Dropout  rates  were  higher  with dabigatran:  14.5% with dabigatran 110 mg,  15.5% with
150 mg dabigatran and 10.2% with warfarin the first year and 20.7% with dabigatran 110
mg, 21.2% with dabigatran 150 mg and 16.6% with warfarin the second year. There were
more withdrawals due to serious adverse events with dabigatran (2.7%) than with war‐
farin (1.7%).

The incidence of myocardial infarction was higher with dabigatran 110 mg twice daily
(0.72%, p = 0.07) and dabigatran 150 mg twice daily (0.74%, p = 0.048) than warfarin (0.53%),
having calculated that myocardial infarction could occur for every 500 patients treated with
dabigatran. With the correction of the results of RE-LY study the differentiation in the appa‐
rition of the myocardial infarction no longer statistically significant. However, a meta-analy‐
sis of 7 trials published recently concluded that the use of dabigatran is associated with an
increased risk of myocardial infarction or acute coronary syndrome in a broad spectrum of
patients compared with VKAs, antiplatelet or placebo [30]. Although the absolute risk may
be low, it is necessary to closely monitor patients and the importance of improving pharma‐
covigilance systems [31].
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7.2. Rivaroxaban

The ROCKET AF study (Rivaroxaban Once daily,  oral,  direct  factor  Xa inhibition Com‐
pared with vitamin K for prevention of stroke Antagonism and Embolism Trial in Atrial
fibrillation)  compared  the  clinical  outcomes  of  rivaroxaban  at  doses  of  20  mg/day  (15
mg/day for those with estimated CrCl 30-49 mL/min )  with warfarin dose-adjusted INR
in patients with AF. It is a prospective, randomized, double-blind, parallel group, multi‐
center,  event-based and non-inferiority which involved 14.264 patients.  The patients had
high risgo of stroke (CHADS2  score >2 in 90%) [32, 33]. It was shown that the new anti‐
coagulant was non-inferior to warfarin in the combined primary endpoint, which includ‐
ed stroke and systemic embolism. Embolic events were presented to the central nervous
system or  systemic 1.7% per  year  in  the rivaroxaban group compared with 2.2% in the
warfarin  group,  which  has  met  the  criterion  for  non-inferiority.  However,  ITT  analysis
showed  that  superiority  failed.  The  incidence  rates  of  primary  safety  outcome  (major
bleeding  episodes  and  no  clinically  relevant  non-major  bleeding)  were  similar  in  both
treatment groups but,  with rivaroxaban, there was a significant reduction in fatal bleed‐
ing,  as  well  as  an  increase  in  gastrointestinal  bleeds  and  bleeds  requiring  transfusion.
Premature  discontinuation  of  treatment  was  more  common  with  rivaroxaban  (23.9%)
than with warfarin (22.4%). The duration of follow-up was 12-32 months.

7.3. Apixaban

The AVERROES study is a multicenter, randomized, double-blind and double-dummy
(Apixaban Versus Stroke Acetylsalicylic Acid to Prevent Stroke in Atrial Fibrillation Patients
Who Have Failed or Are Unsuitable for Vitamin K Antagonist Treatment) comparing apixa‐
ban 5 mg twice daily (2.5 mg twice daily in patients ≥80 years, weight ≤60 kg or with a se‐
rum creatinine ≥1.5 mg/dL) versus acetylsalicylic acid 81-324 mg daily in 5.599 patients with
AF at high risk of stroke and without indication for treatment with VKAs or by difficulties
in anticoagulation or because the patient refused anticoagulation therapy.

The trial was stopped early, after about a year after intermediate analysis showed a signifi‐
cant reduction of 50% in the risk of stroke. There were 1.6% of cerebral and systemic embolic
events in the apixaban group compared to 3.5% in the acetylsalicylic acid group. The fre‐
quency of bleeding was similar (1.4 versus 1.2% per year); there was no difference between
patients treated with apixaban and acetylsalicylic acid on the incidence of major bleeding,
intracranial hemorrhage, or gastrointestinal bleeding even if appreciate a significant increase
of the total number of bleeding (major and minor). Mortality was lower in the apixaban
group (3.5% per year) than acetylsalicylic acid (4.4% per year), results that corroborate the
greatest benefit of anticoagulant therapy in AF. In patients with AF for whom therapy is in‐
adequate VKAs, apixaban reduces the risk of stroke or systemic embolism without increas‐
ing the risk of major bleeding or intracranial hemorrhage [34].

The ARISTOTLE study is a multicenter, randomized, double-blind and double-dummy
(Apixaban for Reduction in Stroke and Other Events in Atrial Fibrillation thromboembolic)
comparing apixaban 5 mg orally twice daily (2.5 mg twice daily in patients ≥80 years,
weight ≤60 kg or with a serum creatinine ≥1.5 mg/dL) versus adjusted-dose warfarin (INR
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2.0-3.0). The study was designed to demonstrate non-inferiority of apixaban compared to
warfarin. Analysis is performed of non-inferiority trial and after an analysis of superiority.
The primary efficacy endpoint was the composite of stroke and systemic embolism. The pri‐
mary safety outcome was major bleeding. The mean duration of follow-up was 1.8 years.
The study included 18.201 patients with AF at high risk of systemic and cerebral embolism.
Cerebrovascular events were 1.27% per year in the apixaban group versus 1.60% in the war‐
farin group (p <0.001 for non-inferiority and p = 0.01 for superiority), bleeding of 2.13% ver‐
sus 3.09% for year (p <0.001), respectively. Significantly decreased the incidence of any type
of bleeding, major bleeding and intracranial bleeding and not change the frequency of ap‐
pearance of gastrointestinal bleeding. Mortality from all causes was 3.52% versus 3.94%,
demonstrating the superiority of apixaban compared to warfarin in preventing stroke or
central nervous system systemic fewer bleeding complications and lower mortality. Cere‐
brovascular events in patients with CHADS2 ≥3 were 1.9% per year in patients treated with
apixaban compared to 2.8% per year in patients treated with warfarin; CHADS2 = 0-1, 0.7%
per year versus 0.9% per year and CHADS2 = 2, 1.2% per year versus 1.4% per year. In pa‐
tients under 65 years no difference in efficacy between both groups, but in patients over 65
years the difference is 0.9%.

In conclusion, treatment with apixaban compared to warfarin in AF patients with more than
one risk factor reduces the incidence of stroke and systemic embolism by 21% (p = 0.01), re‐
duced major bleeding by 31% (p <0.001) and reduces mortality by 11% (p = 0.047) [35].

7.4. Methodological limitations of studies

Taking into account the results of the studies so far mentioned, there are some differences in
patients enrolled in the RE-LY, the ROCKET AF, the AVERROES and the ARISTOTLE. The
study population ARISTOTLE included subjects both with a CHADS2 score of 1 point and
those of scores. In the RE-LY incorporated population according to the CHADS2 score was
mild-moderate risk (32% of patients with a CHADS2 of 3 to 6 points) and the ROCKET-AF
population included was moderate to severe (87% patients had a CHADS2 risk score (of 3 to
6 points) which makes comparisons difficult between these studies. RE-LY and ARISTOTLE
have similar characteristics on patient demographics (age, gender...) and in the risk of stroke
(average CHADS2 score of 2.1). However, ROCKET AF patients were slightly older (median
age 73 years), were at high risk of stroke (mean CHADS2 score of 3.5), and 55% were a sec‐
ondary prevention population [36]. Exclusion criteria of patients pose leave out AF patients
eligible for treatment with VKAs, as those who have suffered a recent stroke or those with
liver enzyme elevations 2 times the upper limit of normal.

They are non-inferiority studies. The European Medicines Agency (EMEA) recommended in
these studies an ITT and per protocol analysis (PP). In the RE-LY is not a PP (which could
favor dabigatran) and also the non-inferiority margin has questionable clinical relevance.
The superiority analysis showed more effectively to the highest dose of dabigatran. The
ROCKET AF results PP were slightly significant in favor of rivaroxaban while ITT results
demonstrate the non-inferiority of rivaroxaban with warfarin. ARISTOTLE and AVERROES
studies also reflect the non-inferiority of apixaban versus warfarin however, the results were
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7.2. Rivaroxaban

The ROCKET AF study (Rivaroxaban Once daily,  oral,  direct  factor  Xa inhibition Com‐
pared with vitamin K for prevention of stroke Antagonism and Embolism Trial in Atrial
fibrillation)  compared  the  clinical  outcomes  of  rivaroxaban  at  doses  of  20  mg/day  (15
mg/day for those with estimated CrCl 30-49 mL/min )  with warfarin dose-adjusted INR
in patients with AF. It is a prospective, randomized, double-blind, parallel group, multi‐
center,  event-based and non-inferiority which involved 14.264 patients.  The patients had
high risgo of stroke (CHADS2  score >2 in 90%) [32, 33]. It was shown that the new anti‐
coagulant was non-inferior to warfarin in the combined primary endpoint, which includ‐
ed stroke and systemic embolism. Embolic events were presented to the central nervous
system or  systemic 1.7% per  year  in  the rivaroxaban group compared with 2.2% in the
warfarin  group,  which  has  met  the  criterion  for  non-inferiority.  However,  ITT  analysis
showed  that  superiority  failed.  The  incidence  rates  of  primary  safety  outcome  (major
bleeding  episodes  and  no  clinically  relevant  non-major  bleeding)  were  similar  in  both
treatment groups but,  with rivaroxaban, there was a significant reduction in fatal bleed‐
ing,  as  well  as  an  increase  in  gastrointestinal  bleeds  and  bleeds  requiring  transfusion.
Premature  discontinuation  of  treatment  was  more  common  with  rivaroxaban  (23.9%)
than with warfarin (22.4%). The duration of follow-up was 12-32 months.

7.3. Apixaban

The AVERROES study is a multicenter, randomized, double-blind and double-dummy
(Apixaban Versus Stroke Acetylsalicylic Acid to Prevent Stroke in Atrial Fibrillation Patients
Who Have Failed or Are Unsuitable for Vitamin K Antagonist Treatment) comparing apixa‐
ban 5 mg twice daily (2.5 mg twice daily in patients ≥80 years, weight ≤60 kg or with a se‐
rum creatinine ≥1.5 mg/dL) versus acetylsalicylic acid 81-324 mg daily in 5.599 patients with
AF at high risk of stroke and without indication for treatment with VKAs or by difficulties
in anticoagulation or because the patient refused anticoagulation therapy.

The trial was stopped early, after about a year after intermediate analysis showed a signifi‐
cant reduction of 50% in the risk of stroke. There were 1.6% of cerebral and systemic embolic
events in the apixaban group compared to 3.5% in the acetylsalicylic acid group. The fre‐
quency of bleeding was similar (1.4 versus 1.2% per year); there was no difference between
patients treated with apixaban and acetylsalicylic acid on the incidence of major bleeding,
intracranial hemorrhage, or gastrointestinal bleeding even if appreciate a significant increase
of the total number of bleeding (major and minor). Mortality was lower in the apixaban
group (3.5% per year) than acetylsalicylic acid (4.4% per year), results that corroborate the
greatest benefit of anticoagulant therapy in AF. In patients with AF for whom therapy is in‐
adequate VKAs, apixaban reduces the risk of stroke or systemic embolism without increas‐
ing the risk of major bleeding or intracranial hemorrhage [34].

The ARISTOTLE study is a multicenter, randomized, double-blind and double-dummy
(Apixaban for Reduction in Stroke and Other Events in Atrial Fibrillation thromboembolic)
comparing apixaban 5 mg orally twice daily (2.5 mg twice daily in patients ≥80 years,
weight ≤60 kg or with a serum creatinine ≥1.5 mg/dL) versus adjusted-dose warfarin (INR
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2.0-3.0). The study was designed to demonstrate non-inferiority of apixaban compared to
warfarin. Analysis is performed of non-inferiority trial and after an analysis of superiority.
The primary efficacy endpoint was the composite of stroke and systemic embolism. The pri‐
mary safety outcome was major bleeding. The mean duration of follow-up was 1.8 years.
The study included 18.201 patients with AF at high risk of systemic and cerebral embolism.
Cerebrovascular events were 1.27% per year in the apixaban group versus 1.60% in the war‐
farin group (p <0.001 for non-inferiority and p = 0.01 for superiority), bleeding of 2.13% ver‐
sus 3.09% for year (p <0.001), respectively. Significantly decreased the incidence of any type
of bleeding, major bleeding and intracranial bleeding and not change the frequency of ap‐
pearance of gastrointestinal bleeding. Mortality from all causes was 3.52% versus 3.94%,
demonstrating the superiority of apixaban compared to warfarin in preventing stroke or
central nervous system systemic fewer bleeding complications and lower mortality. Cere‐
brovascular events in patients with CHADS2 ≥3 were 1.9% per year in patients treated with
apixaban compared to 2.8% per year in patients treated with warfarin; CHADS2 = 0-1, 0.7%
per year versus 0.9% per year and CHADS2 = 2, 1.2% per year versus 1.4% per year. In pa‐
tients under 65 years no difference in efficacy between both groups, but in patients over 65
years the difference is 0.9%.

In conclusion, treatment with apixaban compared to warfarin in AF patients with more than
one risk factor reduces the incidence of stroke and systemic embolism by 21% (p = 0.01), re‐
duced major bleeding by 31% (p <0.001) and reduces mortality by 11% (p = 0.047) [35].

7.4. Methodological limitations of studies

Taking into account the results of the studies so far mentioned, there are some differences in
patients enrolled in the RE-LY, the ROCKET AF, the AVERROES and the ARISTOTLE. The
study population ARISTOTLE included subjects both with a CHADS2 score of 1 point and
those of scores. In the RE-LY incorporated population according to the CHADS2 score was
mild-moderate risk (32% of patients with a CHADS2 of 3 to 6 points) and the ROCKET-AF
population included was moderate to severe (87% patients had a CHADS2 risk score (of 3 to
6 points) which makes comparisons difficult between these studies. RE-LY and ARISTOTLE
have similar characteristics on patient demographics (age, gender...) and in the risk of stroke
(average CHADS2 score of 2.1). However, ROCKET AF patients were slightly older (median
age 73 years), were at high risk of stroke (mean CHADS2 score of 3.5), and 55% were a sec‐
ondary prevention population [36]. Exclusion criteria of patients pose leave out AF patients
eligible for treatment with VKAs, as those who have suffered a recent stroke or those with
liver enzyme elevations 2 times the upper limit of normal.

They are non-inferiority studies. The European Medicines Agency (EMEA) recommended in
these studies an ITT and per protocol analysis (PP). In the RE-LY is not a PP (which could
favor dabigatran) and also the non-inferiority margin has questionable clinical relevance.
The superiority analysis showed more effectively to the highest dose of dabigatran. The
ROCKET AF results PP were slightly significant in favor of rivaroxaban while ITT results
demonstrate the non-inferiority of rivaroxaban with warfarin. ARISTOTLE and AVERROES
studies also reflect the non-inferiority of apixaban versus warfarin however, the results were
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better in the Asian population and whether they may be due to different effectiveness of the
drug in this population or whether there was any element related to the study design to jus‐
tify these differences. In addition 35% of patients with warfarin were outside the therapeutic
range, implying poor control within the clinical trial.

In the RE-LY treated with warfarin branch has an open design which favors the appearance
of bias. It would be necessary to make a double-blind design with warfarin (this limits the
internal validity of the test. Both the ROCKET AF as ARISTOTLE was double blind). Dabi‐
gatran is necessary to take it twice a day. This helps to foster low compliance. Only in the
RE-LY study, where patients are monitored closely, the dropout rate was 20.7% with dabi‐
gatran 110 mg and 21.2% with dabigatran 150 mg at two years. The same can happen with
rivaroxaban and apixaban, the absence of regular checks can relax patients. Poor adherence
to treatment would leave the patient exposed because the anticoagulant effect almost com‐
pletely disappear (are drugs with short half-life). Unlike NOACs, with VKAs is necessary to
periodically checks to confirm that are within the therapeutic range, a fact that is achieved in
58-65% of cases. The compliance rate is not always the desired (30% dropout) [37]. A sub‐
group analysis and an FDA report further notes that the benefit of dabigatran is significant
only in those centers where patients have poorer control with warfarin. The results of the
centers with better INR control with warfarin did not show superiority of dabigaran 150 mg
versus warfarin. Improving the monitoring of the INR, the benefits seen for dabigatran com‐
pared to warfarin decreased. The ARISTOTLE study showed no superiority of apixaban in
terms of INR control. The ROCKET AF study the level of INR of warfarin group was very
low which has reduced the conviction to conclusions (55% versus 64.4% of RE-LY and 62%
of ARISTOTLE).

Regarding the dose to be administered there are disputes between the position of the FDA
(Food and Drug Administration) and EMEA. FDA has approved only high doses of dabiga‐
tran (150 mg/12h). Argued that low doses of dabigatran (110 mg/12h), the demonstration of
non-inferior to warfarin, is not as conclusive as with higher doses. In addition to high doses
reduces episodes of stroke but increase bleeding. The lower dose may be indicated in pa‐
tients with increased risk of bleeding. The RE-LY study could not identify a subgroup of pa‐
tients who would benefit from low dose.

Recently has been published a study that try to perform an indirect comparison analysis of
NOACs regarding its efficacy and safety [36]. Despite the limitations of indirect comparison
study (differences in patient population, differences in definition of major bleeding and un‐
blended versus nonblinded/double-blinded comparisons), no profound significant differen‐
ces were found in efficacy between apixaban and dabigatran (both doses) or rivaroxaban.
Dabigatran 150 mg twice daily was superior to rivaroxaban for efficacy (with less stroke and
systemic embolism (by 26%), as well as less hemorrhagic stroke (by 56%, p=0.039 and non‐
disabling stroke (by 40%, p=0.038). There were no significant differences in preventing
stroke and systemic embolism for apixaban versus dabigatran (both doses) or rivaroxaban,
or rivaroxaban versus dabigatran 110 mg twice daily. For the ischemic stroke, there were no
significant differences between the NOACs. Major bleeding was significantly lower with
apixaban versus dabigatran 150 mg twice daily (by 26%) and rivaroxaban (by 34%), but was
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not significantly different from dabigatran 110 mg twice daily. There were no significant dif‐
ferences between apixaban and dabigatran 110 mg twice daily. Apixaban had lower major
or clinically relevant bleeding (by 34%) versus ribaroxaban. When compared with rivaroxa‐
ban, dabigatran 110 mg twice daily was associated with less mayor bleeding (by 23%) and
intracranial bleeding (by 54%). No significant differences myocardial infarction events be‐
tween dabigatan (both doses) and apixaban. However, only a head-to-head direct compari‐
son of the different NOACs would be able to answer the question of efficacy/safety
differences between them in the prevention of stroke in AF.

An advantage of the NACOs proposes absence monitoring. Instead, experts recommend
that in chronic treatment with narrow therapeutic window and potentially serious complica‐
tions (stroke/hemorrhage), lack of control is much more harmful than adequate control. The
regular monitoring to adjust and correct the treatment regimen and distinguish, if complica‐
tions, treatment failure or lack of adherence.

Are emerging post-marketing data on major bleeding and death with dabigatran: Japan (5
deaths and 81 cases of severe reactions), Australia (7 deaths and 24 serious reactions) and
Europe (21 deaths). In the subsequent reanalysis of data from the RE-LY was a higher inci‐
dence of stroke, myocardial infarction and major bleeding compared to those initially re‐
ported, in those over 75 years more extracranial bleeding [38].

No specific antidote proved effective, which hinder the resolution of bleeding emergencies.
In addition, the high cost compared to VKAs is a major limitation. Have been published
some cost-effectiveness data for dabigatran, and dabigatran appears to be cost-effective for
most patients, except in those with very well-controlled INRs [39,40].

8. Current recommendations - Caution

With the entry into force of the NOACs is emerging a new era in anticoagulant therapy.
These drugs are proving to be at least as effective as VKAs without coagulation monitoring,
with a reduction of more serious bleeding (intracranial) and with far fewer potential drug
interactions and food.

But not all advantages. These drugs also have drawbacks and uncertainties about their safe‐
ty, and to their clinical evaluation is needed before definitive recommendations on its use.
Lack of specific antidotes which is a problem in patients who are at high risk of bleeding or
hemorrhage (to negate the effect is included prothrombin complex or factor specifying of
hospitalization and increasing costs associated with treatment), contraindicated in patients
with renal impairment, short half-life (limits its use in patients with poor adherence), with
higher incidence of gastrointestinal bleeding and high cost. In addition, there are no safecy
data long-term selected populations and are generating security alerts.

In the initial euphoria, with the placing on the market NOACs, it is necessary to proceed
with caution. A few years ago, another promising thrombin inhibitor, ximelagatran, which
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better in the Asian population and whether they may be due to different effectiveness of the
drug in this population or whether there was any element related to the study design to jus‐
tify these differences. In addition 35% of patients with warfarin were outside the therapeutic
range, implying poor control within the clinical trial.

In the RE-LY treated with warfarin branch has an open design which favors the appearance
of bias. It would be necessary to make a double-blind design with warfarin (this limits the
internal validity of the test. Both the ROCKET AF as ARISTOTLE was double blind). Dabi‐
gatran is necessary to take it twice a day. This helps to foster low compliance. Only in the
RE-LY study, where patients are monitored closely, the dropout rate was 20.7% with dabi‐
gatran 110 mg and 21.2% with dabigatran 150 mg at two years. The same can happen with
rivaroxaban and apixaban, the absence of regular checks can relax patients. Poor adherence
to treatment would leave the patient exposed because the anticoagulant effect almost com‐
pletely disappear (are drugs with short half-life). Unlike NOACs, with VKAs is necessary to
periodically checks to confirm that are within the therapeutic range, a fact that is achieved in
58-65% of cases. The compliance rate is not always the desired (30% dropout) [37]. A sub‐
group analysis and an FDA report further notes that the benefit of dabigatran is significant
only in those centers where patients have poorer control with warfarin. The results of the
centers with better INR control with warfarin did not show superiority of dabigaran 150 mg
versus warfarin. Improving the monitoring of the INR, the benefits seen for dabigatran com‐
pared to warfarin decreased. The ARISTOTLE study showed no superiority of apixaban in
terms of INR control. The ROCKET AF study the level of INR of warfarin group was very
low which has reduced the conviction to conclusions (55% versus 64.4% of RE-LY and 62%
of ARISTOTLE).

Regarding the dose to be administered there are disputes between the position of the FDA
(Food and Drug Administration) and EMEA. FDA has approved only high doses of dabiga‐
tran (150 mg/12h). Argued that low doses of dabigatran (110 mg/12h), the demonstration of
non-inferior to warfarin, is not as conclusive as with higher doses. In addition to high doses
reduces episodes of stroke but increase bleeding. The lower dose may be indicated in pa‐
tients with increased risk of bleeding. The RE-LY study could not identify a subgroup of pa‐
tients who would benefit from low dose.

Recently has been published a study that try to perform an indirect comparison analysis of
NOACs regarding its efficacy and safety [36]. Despite the limitations of indirect comparison
study (differences in patient population, differences in definition of major bleeding and un‐
blended versus nonblinded/double-blinded comparisons), no profound significant differen‐
ces were found in efficacy between apixaban and dabigatran (both doses) or rivaroxaban.
Dabigatran 150 mg twice daily was superior to rivaroxaban for efficacy (with less stroke and
systemic embolism (by 26%), as well as less hemorrhagic stroke (by 56%, p=0.039 and non‐
disabling stroke (by 40%, p=0.038). There were no significant differences in preventing
stroke and systemic embolism for apixaban versus dabigatran (both doses) or rivaroxaban,
or rivaroxaban versus dabigatran 110 mg twice daily. For the ischemic stroke, there were no
significant differences between the NOACs. Major bleeding was significantly lower with
apixaban versus dabigatran 150 mg twice daily (by 26%) and rivaroxaban (by 34%), but was
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not significantly different from dabigatran 110 mg twice daily. There were no significant dif‐
ferences between apixaban and dabigatran 110 mg twice daily. Apixaban had lower major
or clinically relevant bleeding (by 34%) versus ribaroxaban. When compared with rivaroxa‐
ban, dabigatran 110 mg twice daily was associated with less mayor bleeding (by 23%) and
intracranial bleeding (by 54%). No significant differences myocardial infarction events be‐
tween dabigatan (both doses) and apixaban. However, only a head-to-head direct compari‐
son of the different NOACs would be able to answer the question of efficacy/safety
differences between them in the prevention of stroke in AF.

An advantage of the NACOs proposes absence monitoring. Instead, experts recommend
that in chronic treatment with narrow therapeutic window and potentially serious complica‐
tions (stroke/hemorrhage), lack of control is much more harmful than adequate control. The
regular monitoring to adjust and correct the treatment regimen and distinguish, if complica‐
tions, treatment failure or lack of adherence.

Are emerging post-marketing data on major bleeding and death with dabigatran: Japan (5
deaths and 81 cases of severe reactions), Australia (7 deaths and 24 serious reactions) and
Europe (21 deaths). In the subsequent reanalysis of data from the RE-LY was a higher inci‐
dence of stroke, myocardial infarction and major bleeding compared to those initially re‐
ported, in those over 75 years more extracranial bleeding [38].

No specific antidote proved effective, which hinder the resolution of bleeding emergencies.
In addition, the high cost compared to VKAs is a major limitation. Have been published
some cost-effectiveness data for dabigatran, and dabigatran appears to be cost-effective for
most patients, except in those with very well-controlled INRs [39,40].

8. Current recommendations - Caution

With the entry into force of the NOACs is emerging a new era in anticoagulant therapy.
These drugs are proving to be at least as effective as VKAs without coagulation monitoring,
with a reduction of more serious bleeding (intracranial) and with far fewer potential drug
interactions and food.

But not all advantages. These drugs also have drawbacks and uncertainties about their safe‐
ty, and to their clinical evaluation is needed before definitive recommendations on its use.
Lack of specific antidotes which is a problem in patients who are at high risk of bleeding or
hemorrhage (to negate the effect is included prothrombin complex or factor specifying of
hospitalization and increasing costs associated with treatment), contraindicated in patients
with renal impairment, short half-life (limits its use in patients with poor adherence), with
higher incidence of gastrointestinal bleeding and high cost. In addition, there are no safecy
data long-term selected populations and are generating security alerts.

In the initial euphoria, with the placing on the market NOACs, it is necessary to proceed
with caution. A few years ago, another promising thrombin inhibitor, ximelagatran, which
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showed that it was at least as effective and safe as warfarin for stroke prevention in AF pa‐
tients, had to be withdrawn by its liver toxicity after creating many expectations [41].

All this raises questions: Is it appropriate to change oral anticoagulation with warfarin or
acenocoumarol to a patient controlled? Can these NOACs impact in preventing throm‐
boembolism, especially stroke, in patients with AF? Will we monitor patients? Is it accepta‐
ble despite the cost of not requiring monitoring? How do we assess adherence?

The Canadian Cardiovascular Society (CCS) [41], the European Society of Cardiology (ESC)
[13,42,43], the American College of Cardiology Foundation (ACCF), the American Heart Asso‐
ciation (AHA) and the Heart Rhythm Society (HRS) recently updated their guidelines for the
treatment of patients with AF. The guidelines report that when OAC is recommended, one of
NOACs should be considered rather than adjusted-dose VKAs (INR 2.0-3.0) for most patients
with AF, when studied in clinical trials to date. The NOACs provide better efficacy, safety and
comfort compared to the OAC with VKAs. There is insufficient evidence to recommend one
over another NOACs, although some patient characteristics, drug tolerability and compliance
and the cost may be important factors in the choice of agent. As experience with NOACs is still
limited, strict adherence to the recommended indications approved and aftercare marketing.

The short half-lives of NOACs compared with that do not require routine monitoring of coagu‐
lation, causes adherence is very relevant. Poor adherence increase morbidity, mortality, and in
turn, overall health costs. Poor compliance can be a particular problem in patients with AF who
often has no symptoms. Warfarin has a half life of 40 hours, so that a slight failure of the patient
will have a negligible effect on clotting compared to a drug with short half life.

In this context it is useful to provide a meta-analysis of clinical trials in patients treated with
VKAs. The results showed that patients who achieved a treatment well stabilized, the deter‐
mination home ("self") for the same patient resulted in a significant reduction in mortality
and morbidity from thromboembolism without increasing the risk of serious bleeding in a
selected group of motivated adults [44]. The results of a subsequent meta-analysis showed a
reduced risk of thromboembolic disease, but no major bleeding or mortality [45].

The NOACs will not replace the classical therapy of oral anticoagulant therapy automatical‐
ly. As a general rule, you should not change the anti-clotting drug to patients who are cur‐
rently well controlled with acenocoumarol or warfarin and have an INR within the
therapeutic range. The NOACs be reserved for those who have not attained regular values
(between 2.0 and 3.0) the INR by more than 60% of the determinations despite good adher‐
ence to the prescription by the patient (for drug interactions that hinder the anticoagulation
control, special dietary or digestive disorders that affect the pharmacokinetics of VKAs.
Should not switch to dabigatran in patients with inadequate control of INR and nonadher‐
ence) [46], for those with mobility problems or difficulties traveling to determine the INR
and for which have allergies or intolerance to the adverse effects of OACs. An anticoagulant
is, by definition, a drug of high risk. And a patient with AF generally well. The fact that new
drugs is involved uncertainty about their safety in the short and long term. You have to de‐
fine more precisely the role of new drugs, considered as therapeutic innovations, and they
are accompanied by a careful evaluation of their efficacy and toxicity in actual practice.
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The experience of use and new studies will determine the profile of patient who may benefit
most from these new therapies. Be taken into account: stage of disease, the left atrial size,
presence and severity of underlying disease, therapeutic approaches and patient preferen‐
ces. It also assessed the patients' age, presence of comorbidities and polypharmacy. Ad‐
vanced age increases the impact of AF on the embolic risk. The elderly population is
particularly vulnerable to stroke in AF. In addition, stroke patients with AF have increased
mortality and the consequences are devastating.

9. Conclusions

Clinical trials available to date show that NOACs are at least as effective and safe as VKAs.
However, although the evidence is a useful tool, it should await the development of major
clinical studies in different populations to see the real benefit of these drugs. The main prob‐
lems are lacking proven methods of monitoring, so that in certain patients (elderly, low
weight, renal or liver impairment...) fixed dose may not be therapeutic. There are no conclu‐
sive data on its long-term safety and are already generating security alerts in different coun‐
tries. No studies support the use of an antidote in case of overdose with bleeding. There is
no justification to replace the current oral anticoagulant treatment by the NACOs in patients
that conventional treatment is well tolerated and its controls are stable. Its high cost limits
the use of these drugs. Independent trials are needed to precisely define the role of new
drugs in patients with non-valvular AF.
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showed that it was at least as effective and safe as warfarin for stroke prevention in AF pa‐
tients, had to be withdrawn by its liver toxicity after creating many expectations [41].

All this raises questions: Is it appropriate to change oral anticoagulation with warfarin or
acenocoumarol to a patient controlled? Can these NOACs impact in preventing throm‐
boembolism, especially stroke, in patients with AF? Will we monitor patients? Is it accepta‐
ble despite the cost of not requiring monitoring? How do we assess adherence?

The Canadian Cardiovascular Society (CCS) [41], the European Society of Cardiology (ESC)
[13,42,43], the American College of Cardiology Foundation (ACCF), the American Heart Asso‐
ciation (AHA) and the Heart Rhythm Society (HRS) recently updated their guidelines for the
treatment of patients with AF. The guidelines report that when OAC is recommended, one of
NOACs should be considered rather than adjusted-dose VKAs (INR 2.0-3.0) for most patients
with AF, when studied in clinical trials to date. The NOACs provide better efficacy, safety and
comfort compared to the OAC with VKAs. There is insufficient evidence to recommend one
over another NOACs, although some patient characteristics, drug tolerability and compliance
and the cost may be important factors in the choice of agent. As experience with NOACs is still
limited, strict adherence to the recommended indications approved and aftercare marketing.

The short half-lives of NOACs compared with that do not require routine monitoring of coagu‐
lation, causes adherence is very relevant. Poor adherence increase morbidity, mortality, and in
turn, overall health costs. Poor compliance can be a particular problem in patients with AF who
often has no symptoms. Warfarin has a half life of 40 hours, so that a slight failure of the patient
will have a negligible effect on clotting compared to a drug with short half life.

In this context it is useful to provide a meta-analysis of clinical trials in patients treated with
VKAs. The results showed that patients who achieved a treatment well stabilized, the deter‐
mination home ("self") for the same patient resulted in a significant reduction in mortality
and morbidity from thromboembolism without increasing the risk of serious bleeding in a
selected group of motivated adults [44]. The results of a subsequent meta-analysis showed a
reduced risk of thromboembolic disease, but no major bleeding or mortality [45].

The NOACs will not replace the classical therapy of oral anticoagulant therapy automatical‐
ly. As a general rule, you should not change the anti-clotting drug to patients who are cur‐
rently well controlled with acenocoumarol or warfarin and have an INR within the
therapeutic range. The NOACs be reserved for those who have not attained regular values
(between 2.0 and 3.0) the INR by more than 60% of the determinations despite good adher‐
ence to the prescription by the patient (for drug interactions that hinder the anticoagulation
control, special dietary or digestive disorders that affect the pharmacokinetics of VKAs.
Should not switch to dabigatran in patients with inadequate control of INR and nonadher‐
ence) [46], for those with mobility problems or difficulties traveling to determine the INR
and for which have allergies or intolerance to the adverse effects of OACs. An anticoagulant
is, by definition, a drug of high risk. And a patient with AF generally well. The fact that new
drugs is involved uncertainty about their safety in the short and long term. You have to de‐
fine more precisely the role of new drugs, considered as therapeutic innovations, and they
are accompanied by a careful evaluation of their efficacy and toxicity in actual practice.
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The experience of use and new studies will determine the profile of patient who may benefit
most from these new therapies. Be taken into account: stage of disease, the left atrial size,
presence and severity of underlying disease, therapeutic approaches and patient preferen‐
ces. It also assessed the patients' age, presence of comorbidities and polypharmacy. Ad‐
vanced age increases the impact of AF on the embolic risk. The elderly population is
particularly vulnerable to stroke in AF. In addition, stroke patients with AF have increased
mortality and the consequences are devastating.

9. Conclusions

Clinical trials available to date show that NOACs are at least as effective and safe as VKAs.
However, although the evidence is a useful tool, it should await the development of major
clinical studies in different populations to see the real benefit of these drugs. The main prob‐
lems are lacking proven methods of monitoring, so that in certain patients (elderly, low
weight, renal or liver impairment...) fixed dose may not be therapeutic. There are no conclu‐
sive data on its long-term safety and are already generating security alerts in different coun‐
tries. No studies support the use of an antidote in case of overdose with bleeding. There is
no justification to replace the current oral anticoagulant treatment by the NACOs in patients
that conventional treatment is well tolerated and its controls are stable. Its high cost limits
the use of these drugs. Independent trials are needed to precisely define the role of new
drugs in patients with non-valvular AF.
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Chapter 10

Anticoagulant Therapy in Patients with Atrial
Fibrillation and Coronary Artery Disease

Atila Bitigen and Vecih Oduncu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54147

1. Introduction

Atherosclerotic cardiovascular disease and atrial fibrillation (AF) are causes of increased
mortality and morbidity all over the world. Coexistence of both leads to even higher rates of
mortality and morbidity. In AF, the main reason responsible for increased mortality and
morbidity is thromboembolisation and consequently the development of a stroke [1].
Among patients with atrial fibrillation, the incidence of atherosclerotic cardiovascular dis‐
ease has been reported to be 20-30% [2]. Thus, development of an acute coronary syndrome
(ACS) requiring percutaneous coronary intervention is very probable in patients with atrial
fibrillation. Despite a 17% reduction in the incidence of stroke with aspirin compared to pla‐
cebo, vitamin K antagonist (VKA) warfarin is superior to both aspirin and aspirin plus clopi‐
dogrel combinations due to its preventing AF patients from thromboemboli [3]. While triple
antithrombotic therapy (VKA+aspirin+clopidogrel) lowers the risk of stroke in stent im‐
planted patients with AF, it increases the risk of bleeding at long- term. Thus careful judge‐
ment of the risk of emboli and bleeding, the stent type (drug eluted or bare metal) to be
implanted and the duration of appropriate treatment regimen is important.

2. The evaluation of embolic risk

In patients with atrial fibrillation the main goal of antithrombotic therapy is to prevent
stroke. In patients with non-valvular AF, the atherosclerotic cardiovascular disease (espe‐
cially a history of myocardial infarction) has been found to be associated with an increased
incidence of stroke. Other important risks factors are diabetes, hypertension, previous
stroke/ transient ischemic attack and age. In patients with non valvular AF CHADS2DS2-
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Vasc-Score [6] derived from a European Heart Survey were found to be beneficial for esti‐
mation of the risk of stroke. This scoring system is suggested for risk stratification in both
the European Society of Cardiology (ESC) [7] and the American College of Cardiology/
American Heart Association (ACC/AHA) [8] guidelines. (Table1). According to this scoring
system, the patients are stratified into three risk groups as low (0), medium (1 – 2) and high
(>2). While the risk of emboli is 1.3 % at score 1, the risk increases to 15.2 % at score 9. While
previous embolism/TIA/stroke and age ≥75 are the major risk factors, the other clinical situa‐
tions are classified as the non-major risk factors. Not only previous myocardial infarction
but also complex atheroma plaques and peripheral vascular disease have also been included
in the definition of vascular disease.

Letter Clinical Condition and age Points

C Congestive heart failure† 1

H Hypertension 1

A Age≥75 years 2

D Diabetes mellitus 1

S Stroke/TIA/Thromboembolism 2

V Vascular disease* 1

A Age 65 – 74 1

S Female sex 1

max. 9 points

†Heart failure or moderate to severe left ventricular systolic dysfunction (e.g. LV EF < 40%)

*Prior myocardial infarction, peripheral artery disease, aortic plaque. TIA =transient ischaemic attack.

Table 1. CHA₂DS₂-Vasc-Score for determining embolic risk

3. Bleeding risk evaluation

In choosing the antithrombotic therapy regime, both the risk of bleeding and the evaluation
of thromboembolic risk are important. The use of VKA causes a more meaningful decrease
in embolic risk compared to aspirin alone or DAPT (dual antiplatelet therapy) in patients
with a medium and high risk. However the use of VKA increases the risk of major bleeding
especially when used with DAPT. Therefore, determining the risk of bleeding is important
before starting the therapy. Although various risk scores evaluating the risk of bleeding
have been obtained, they were all developed to estimate the risk of major bleeding and they
can be classified into three groups as low, medium and advanced. ESC guidelines recom‐
mend using HAS-BLED scoring [Table 2] (hypertension, abnormal renal/liver function,
stroke, bleeding history or predisposition, labile INR, elderly (>65), drugs/alcohol concomi‐
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tantly) in the estimation of bleeding risk [9]. HAS-BLED≥3 was found to be related to high
risk of bleeding. However, parameters such as a history of stroke, old age, and hypertension
also affect the risk of emboli estimated by using the CHA₂DS₂-Vasc-Score,. Thus, patients
with a high bleeding risk must be carefully managed.

Letter Clinical characteristic* Point

H Hypertension 1

A Abnormal renal or liver function (1 point each) 1 or 2

S Stroke 1

B Bleeding history 1

L Labile INR 1

E Elderly ("/>65 years) 1

D Drugs or alcohol comsumption (1 point each) 1 or 2

Max 9 poits

*Hypertension’ is defined as systolic blood pressure >160 mmHg. ‘Abnormal kidney function’ is defined as the pres‐
ence of chronic dialysis or renal transplantation or serum creatinine ≥200 mmol/L. ‘Abnormal liver function’ is defined
as chronic hepatic disease (e.g. cirrhosis) or biochemical evidence of significant hepatic derangement (e.g. bilirubin >2
x upper limit of normal, in association with aspartate aminotransferase/alanine aminotransferase/alkaline phospha‐
tase >3 x upper limit normal, etc.). ‘Bleeding’ refers to previous bleeding history and/or predisposition to bleeding, e.g.
bleeding diathesis, anaemia, etc. ‘Labile INRs’ refers to unstable/high INRs or poor time in therapeutic range (e.g.,
60%). Drugs/alcohol use refers to concomitant use of drugs, such as antiplatelet agents, non-steroidal anti-inflamma‐
tory drugs, or alcohol abuse, etc. INR = international normalized ratio. Adapted from Pisters et al (9).

Table 2. HAS-BLED bleeding score

4. Choosing antithrombotic therapy

In coronary artery disease, DAPT has been found superior to aspirin plus oral anticoagulant
(OAC) therapy in preventing recurrent ischemic events [10]. Although, in a long term peri‐
od, OAC therapy has been found superior to DAPT in AF patients, this therapy, especially
in situations when it must be combined with DAPT, has a major bleeding incidence of up to
4.7 %. This bleeding usually happens within the first month and has been fatal in almost half
of the patients [11]. Therefore, the management of patients with nonvalvular AF who re‐
quire PCI (percutaneous coronary intervention) is very important for many clinicians.

Nowadays, therapy guidelines include a therapy of low aspirin dose or no therapy for low
risk patients, OAC or aspirin for medium risk patients, and a therapy of OAC in patients
with a high risk. In medium risk patients, DAPT has been found inequivalent to VKA in
studies conducted on DAPT therapy (aspirin+ clopidogrel). VKA is related to lower bleed‐
ing and stroke. Therefore, in medium and high thromboli risk patients, if the risk of hemor‐
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rhage is high, because of the high incidence of intracranial and extra cranial bleeding
incidence, the option of DAPT should not be preferred.

In the abovementioned patients the low dose dabigatran option must be considered and if
they are treated with VKA, a lower INR (1.8-2.5) target should be chosen. However accord‐
ing to the studies made, patients with an INR <2 have double the risk of stroke compared to
patients whose INR is > 2.

5. Choosing therapy following elective percutaneous coronary
intervention

In elective percutaneous coronary interventions (PCI), if there is no obligatory indication
(long lesion, small vessel, diabetes, etc.) the intervention must be limited to a bare metal
stent (BMS). Because after the implantation of a drug eluting stent (DES), there is a require‐
ment for a triple antiplatelet for a longer time (3 months for sirolimus, 6 months for paclitax‐
el) and this may lead to a higher mortality rate associated with increased bleeding risk.
While the post BMS triple anti platelet therapy is limited to a 4 week period, it has to be
used longer following DES. In patients with low-medium bleeding risk but low embolic risk,
during the first four weeks after BMS, triple anti platelet therapy is suggested. After 4
weeks, lifelong OAC (INR=2-3) should be preferred. As an approach, there is a difference
between ESC guidelines and USA clinical practice [12]. In patients with low-medium hemor‐
rhagic risk both the ESC and the USA approaches suggest triple anti platelet therapy for
BMS and DES, but in the USA approach, only DAPT is suggested in patients with a high
bleeding risk. However, in ESC guidelines, despite the high bleeding risk, during the 2-4
week interval after BMS elective implantation, triple anti platelet therapy is advised.

Atrial fibrillation plus 
Coronary artery stent

High risk of stroke? 
CHADS >1

High risk of bleeding?

Triple therapy
(Aspirin + OAC + Clopidogrel)

DAPT (Aspirin + Clopidogrel)

Yes

Yes

No

No

Figure 1. US Approach-Adapted from Paikin et al [12]
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As a therapy regime, OAC (INR=2 – 2.5), aspirin daily ≤100 mg and clopidogrel 75 mg daily
is included. In patients with a high risk of bleeding, it has been stressed in both guidelines
that DES should be avoided and if possible BMS should be implanted. Among patients hav‐
ing a low and medium bleeding risk, for those who have been implanted BMS, 1 month of
triple anti platelet therapy is advised. Among those patients who are DES implanted, for the
limus group, 3 months of triple antiplatelet therapy is advised while for the paclitaxel
group, 6 months of DAPT is advised. Furthermore, in DES implanted patients, a dual thera‐
py of OAC plus aspirin up to 1 year or OAC plus clopidogrel is advised and after 1 year
only OAC mono therapy is advised. Therefore, DES implantation should be avoided be‐
cause it requires long term dual and triple therapy (Table3).

Hemorrhagic risk Clinic Stent type Anticoagulation regime

Low-Medium

HAS-BLED (0 – 2)

Elective BMS 1 month: triple therapy of warfarin (INR 2.0–2.5) + aspirin ≤ 100

mg/day + clopidogrel 75 mg/day

Lifelong: warfarin (INR 2.0–3.0) alone

Elective DES 3 (-olimus group) to 6 (paclitaxel) months: triple therapy of warfarin

(INR 2.0–2.5) + aspirin ≤ 100 mg/day + clopidogrel 75 mg/day

Up to 12 months: combination of warfarin (INR 2.0–2.5) + clopidogrel

75 mg/day (or aspirin 100 mg/day)*

Lifelong: warfarin (INR 2.0–3.0) alone

ACS DES/BMS 6 months: triple therapy of warfarin (INR 2.0–2.5) + aspirin ≤ 100 mg/

day + clopidogrel 75 mg/day

Up to 12 months: combination of warfarin (INR 2.0–2.5) + clopidogrel

75 mg/day (or aspirin 100 mg/day)*

Lifelong: warfarin (INR 2.0–3.0) alone

High

HAS-BLED (≥3)

Elective BMS 2–4 weeks: triple therapy of warfarin (INR 2.0–2.5) + aspirin ≤ 100

mg/day + clopidogrel 75 mg/day

Lifelong: warfarin (INR 2.0–3.0) alone

ACS BMS 4 weeks: triple therapy of warfarin (INR 2.0–2.5) + aspirin ≤ 100 mg/

day + clopidogrel 75 mg/day

Up to 12 months: combination of warfarin (INR 2.0–2.5) + clopidogrel

75 mg/day (or aspirin 100 mg/day); mg/day)*

Lifelong: warfarin (INR 2.0–3.0) alone

ACS=Acute coronary syndrome, BMS=Bare metal stent, DES=Drug eluted stent, INR=International normalized ratio

*Combination of warfarin (INR 2.0–2.5) + aspirin ≤ 100 mg/day may be considered as an alternative.

Drug-eluting stents should be avoided.Adapted from Lip et al

Table 3. ESC suggestions for anticoagulation in patients with coronary stent who have medium and high emboli risk
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6. Acute coronary syndrome

In patients with non-valvular AF who have acute coronary syndrome (ACS), the puncture
site for PCI is important. In anti- coagulated patients, how the therapy will be conducted in
the hospital and choosing the right type of stent bears an importance. As for those patients
who are not anti coagulated, the antithrombotic therapy during discharge is important. In
anticoagulated patients, femoral intervention is an independent predictor for major hemor‐
rhage and other vascular complications and therefore in those patients radial intervention is
preferred because it causes less bleeding and better results [13,14].

In patients with ACS, especially those in whom primary PCI have been applied, BMS should
be preferred because it requires a shorter duration triple antithrombotic therapy. OAC
should be given to non-STEMI patients when they are hospitalized and DAPT and heparin
should be given to those patients who have no therapy. If the thromboembolic risk is too
high, OAC therapy might as well be started in those patients during in-hospital period.
There are two approaches for patients who receive OAC during hospitalization. The first
and mostly used approach in clinical practice is the bridge therapy which involves stopping
OAC therapy and starting heparin. The second approach is to continue OAC therapy so that
INR will be in the 2-2.5 interval. The main drawback of the bridge therapy is when the ther‐
apy is stopped and then restarted, Protein –C and –S are not suppressed, and they increase
embolic complications paradoxically in patients with a very high emboli risk [15]. Therefore,
in patients with ACS having a very high embolic risk, it is advised that DAPT should be
added to the therapy without stopping OAC and without adding heparin (if the INR <2,
then heparin may be added) [16,17]. In STEMI patients for whom P-PCI is applied, if the
INR is within the interval of 2 – 3, then a similar approach is applicable. However, glycopro‐
tein (GP) IIb/IIIa inhibitors may have to be used due to the high thrombus burden. In those
patients with a high thrombus burden, if the INR>2, then GP IIb/IIIa inhibitor must not be
started, and, if possible thrombectomy should be considered instead. Alternatively, in pa‐
tients with INR<2, bivaluridin might be considered for use instead of GP IIb/IIIa inhibitor +
heparin. Due to high hemorrhagic risks, in patients using OAC and having optimal INR, ad‐
ditional heparin should not be used. In patients whose bleeding risk is high, triple therapy
should not be used for more than 1 month. Due to the need for short triple therapy, BMS
should always be preferred. Following ACS, triple therapy should be given for 1 month, du‐
al therapy including OAC should be given up to 12 months, and after 12 months only OAC
should be given lifelong. The short and long term antithrombotic therapy regimen of the
ACS patients is summarized in table 3.

Advice On Decreasing Hemorrhagic Risk:

1. The balance between hemorrhagic risk and embolic risk should be maintained very
well.

2. No therapy may be given to patients who are under 65 years of age having a low em‐
bolic risk.

3. In combined therapies, the dose of aspirin should be kept low (75 – 100 mg).
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4. In patients having a high bleeding risk hypertension should be treated aggressively.

5. Hepatic and renal functions should be followed closely in patients who take OAC.

6. In case of stent requirement, BMS should be preferred as much as possible.

7. During ACS, additional heparin, GP IIb/IIIa inhibitor or bivaluridin should not be given
to those patients who have an effective INR and who take OAC.

8. Radial intervention should be applied to patients who take OAC and who are inter‐
vened with STEMI.

9. Triple antiplatelet therapy should not be used for more than 1 month in patients whose
bleeding risk is high.

10. DAPT should not be given for a long time, instead only OAC should be given in long
term therapy.

11. Proton pump inhibitors may be added to the therapy.

12. In long term therapy, dabigatran 110 mg twice a day or rivaroxaban once a day should
be considered for use (compared to VKA lower bleeding incidence, equal stroke rates)
in patients whose bleeding risk is high (especially in the presence of INR labile).

7. New anticoagulant drugs

In AF patients, oral anticoagulation is traditionally done with VKA. However, due to per‐
sonal differences in responses, the need for a balance in dose, labile INR and bleeding risk;
studies have been made on new drugs which do not require follow-up. With these new
drugs such as direct thrombin inhibitor dabigatran, factor Xa inhibitors apixaban and rivar‐
oxaban, the incidence of major bleeding is significantly lower compared to VKA. When Da‐
bigatran 110 mg twice a day is compared with VKA, nonvalvular AF stroke prevention in
the RELY study (Randomized Evaluation of Long-term Anticoagulant Therapy) there is no
difference between stroke and systemic embolism, but the rate of major hemorrhage is
meaningfully less in 110 mg Dabigatran than it is in VKA [18]. In the dose of 150 mg, the
rates of major bleeding and stroke were determined to be similar. In patients with non valv‐
ular AF whose INR values were labile, if they cannot be followed closely and if they do not
have an advanced hepatic and renal problem, dabigatran is an alternative to warfarin. In
non- valvular AF patients, in the ARISTOTLE study done with Apixaban, apixaban is relat‐
ed to lower hemorrhage complication and lower mortality compared to warfarin [19]. In the
ROCKET-AF [20] study, while there was no difference between the major hemorrhage rates
of patients using rivaroxaban and warfarin, the fatal and intracranial hemorrhage rates were
lower in patients using rivaroxaban than in those patients using warfarin. The systemic em‐
boli and stroke prevention rates between the two were equal.

The results of this study are hopeful for long term anticoagulation regimes. There is no suffi‐
cient clinical evidence regarding the fact that these drugs are appropriate for a combination
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6. Acute coronary syndrome

In patients with non-valvular AF who have acute coronary syndrome (ACS), the puncture
site for PCI is important. In anti- coagulated patients, how the therapy will be conducted in
the hospital and choosing the right type of stent bears an importance. As for those patients
who are not anti coagulated, the antithrombotic therapy during discharge is important. In
anticoagulated patients, femoral intervention is an independent predictor for major hemor‐
rhage and other vascular complications and therefore in those patients radial intervention is
preferred because it causes less bleeding and better results [13,14].

In patients with ACS, especially those in whom primary PCI have been applied, BMS should
be preferred because it requires a shorter duration triple antithrombotic therapy. OAC
should be given to non-STEMI patients when they are hospitalized and DAPT and heparin
should be given to those patients who have no therapy. If the thromboembolic risk is too
high, OAC therapy might as well be started in those patients during in-hospital period.
There are two approaches for patients who receive OAC during hospitalization. The first
and mostly used approach in clinical practice is the bridge therapy which involves stopping
OAC therapy and starting heparin. The second approach is to continue OAC therapy so that
INR will be in the 2-2.5 interval. The main drawback of the bridge therapy is when the ther‐
apy is stopped and then restarted, Protein –C and –S are not suppressed, and they increase
embolic complications paradoxically in patients with a very high emboli risk [15]. Therefore,
in patients with ACS having a very high embolic risk, it is advised that DAPT should be
added to the therapy without stopping OAC and without adding heparin (if the INR <2,
then heparin may be added) [16,17]. In STEMI patients for whom P-PCI is applied, if the
INR is within the interval of 2 – 3, then a similar approach is applicable. However, glycopro‐
tein (GP) IIb/IIIa inhibitors may have to be used due to the high thrombus burden. In those
patients with a high thrombus burden, if the INR>2, then GP IIb/IIIa inhibitor must not be
started, and, if possible thrombectomy should be considered instead. Alternatively, in pa‐
tients with INR<2, bivaluridin might be considered for use instead of GP IIb/IIIa inhibitor +
heparin. Due to high hemorrhagic risks, in patients using OAC and having optimal INR, ad‐
ditional heparin should not be used. In patients whose bleeding risk is high, triple therapy
should not be used for more than 1 month. Due to the need for short triple therapy, BMS
should always be preferred. Following ACS, triple therapy should be given for 1 month, du‐
al therapy including OAC should be given up to 12 months, and after 12 months only OAC
should be given lifelong. The short and long term antithrombotic therapy regimen of the
ACS patients is summarized in table 3.

Advice On Decreasing Hemorrhagic Risk:

1. The balance between hemorrhagic risk and embolic risk should be maintained very
well.

2. No therapy may be given to patients who are under 65 years of age having a low em‐
bolic risk.

3. In combined therapies, the dose of aspirin should be kept low (75 – 100 mg).
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4. In patients having a high bleeding risk hypertension should be treated aggressively.

5. Hepatic and renal functions should be followed closely in patients who take OAC.

6. In case of stent requirement, BMS should be preferred as much as possible.

7. During ACS, additional heparin, GP IIb/IIIa inhibitor or bivaluridin should not be given
to those patients who have an effective INR and who take OAC.

8. Radial intervention should be applied to patients who take OAC and who are inter‐
vened with STEMI.

9. Triple antiplatelet therapy should not be used for more than 1 month in patients whose
bleeding risk is high.

10. DAPT should not be given for a long time, instead only OAC should be given in long
term therapy.

11. Proton pump inhibitors may be added to the therapy.

12. In long term therapy, dabigatran 110 mg twice a day or rivaroxaban once a day should
be considered for use (compared to VKA lower bleeding incidence, equal stroke rates)
in patients whose bleeding risk is high (especially in the presence of INR labile).

7. New anticoagulant drugs

In AF patients, oral anticoagulation is traditionally done with VKA. However, due to per‐
sonal differences in responses, the need for a balance in dose, labile INR and bleeding risk;
studies have been made on new drugs which do not require follow-up. With these new
drugs such as direct thrombin inhibitor dabigatran, factor Xa inhibitors apixaban and rivar‐
oxaban, the incidence of major bleeding is significantly lower compared to VKA. When Da‐
bigatran 110 mg twice a day is compared with VKA, nonvalvular AF stroke prevention in
the RELY study (Randomized Evaluation of Long-term Anticoagulant Therapy) there is no
difference between stroke and systemic embolism, but the rate of major hemorrhage is
meaningfully less in 110 mg Dabigatran than it is in VKA [18]. In the dose of 150 mg, the
rates of major bleeding and stroke were determined to be similar. In patients with non valv‐
ular AF whose INR values were labile, if they cannot be followed closely and if they do not
have an advanced hepatic and renal problem, dabigatran is an alternative to warfarin. In
non- valvular AF patients, in the ARISTOTLE study done with Apixaban, apixaban is relat‐
ed to lower hemorrhage complication and lower mortality compared to warfarin [19]. In the
ROCKET-AF [20] study, while there was no difference between the major hemorrhage rates
of patients using rivaroxaban and warfarin, the fatal and intracranial hemorrhage rates were
lower in patients using rivaroxaban than in those patients using warfarin. The systemic em‐
boli and stroke prevention rates between the two were equal.

The results of this study are hopeful for long term anticoagulation regimes. There is no suffi‐
cient clinical evidence regarding the fact that these drugs are appropriate for a combination
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therapy (DAPT plus OAC). However, regarding these three studies (RELY, ROCKET-AF,
and ARISTOTLE), when the dual therapy using VKA is compared with dual therapy using
new anticoagulant drugs (apixaban, rivaroxaban, dabigatran), there is no additional differ‐
ence in terms of hemorrhage rate. Thus, when the combination of DAPT with new drugs is
compared to the combination of VKA and DAPT, there is no additional increase in hemor‐
rhage. Nevertheless, in the monotherapy with OAC, the risk of hemorrhage is at its lowest.
However, regarding the safety of the combined use of the new anticoagulant drugs with du‐
al antiplatelet therapy, there is no sufficient evidence regarding long-term use and there is a
need for further studies.
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