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Update on Atrial Fibrillation: Part I
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Summary

Atrial fibrillation (AF) is an epidemic, affecting 1% to
1.5% of the population in the developed world. Projected
data from the population-based studies suggest that the
prevalence of AF will grow at least 3-fold by 2050. The
health and economic burden imposed by AF and AF-
related morbidity is enormous.

Atrial fibrillation has a multiplicity of causes rang-
ing from genetic to degenerative, but hypertension and
heart failure are the commonest and epidemiologically
most prevalent conditions associated with AF as both
have been shown to create an arrhythmogenic substrate.
Several theories emerged regarding the mechanism of
AF, which can be combined into two groups: the single
focus hypothesis and the multiple sources hypothesis.
Several lines of evidence point to the relevance of both
hypotheses to the mechanism of AF, probably with a
different degree of involvement depending on the vari-
ety of AF (paroxysmal or persistent). Sustained AF alters
electrophysiological and structural properties of the atrial
myocardium such that the atria become more suscepti-
ble to the initiation and maintenance of the arrhythmia, a
process known as atrial remodeling. Angiotensin II has
been recognized as a key element in atrial remodeling in
association with AF opening the possibility of exploita-
tion of “upstream” therapies to prevent or delay atrial
remodeling.
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The clinical significance of AF lies predominantly
in a 5-fold increased risk of stroke. The limitations of
warfarin prompted the development of new antithrom-
botic drugs, which include anticoagulants, such as direct
oral thrombin inhibitors (dabigatran) and factor Xa
inhibitors (rivaroxaban, apixaban). Novel mechanical
approaches for the prevention of cardioembolic stroke
have recently been evaluated: percutaneous left atrial
appendage occluders, minimally invasive surgical iso-
lation of the left atrial appendage, and implantation of
carotid filtering devices.

Key words: atrial fibrillation, mechanisms, remodel-
ing, antithrombotic drugs, antiarrhythmic drugs, catheter
ablation, prevention
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Atrial Fibrillation—A New Epidemic

Atrial fibrillation (AF) is said to be an epidemic,
affecting 1–1.5% of the population in the developed
world.1 Lifetime risks for development of AF are 1 in
4 for men and women 40 years of age and older.2,3

The prevalence of AF will grow dramatically in the
coming decades as the elderly proportion of the pop-
ulation increases because of the postwar baby boomers
(now approaching 60 years of age) and greatly improved
health care. Projected data from the cross-sectional
AnTicoagulation and Risk Factors In Atrial Fibrillation
(ATRIA) study of 17,974 adults who were enrolled in a
large health maintenance organization in California and
were diagnosed with AF in 1996–1997, have suggested
that the number of Americans with AF will increase
to more than 5.6 million, (2.5-fold), during the next
50 years.4 Recent analysis from Mayo Clinic, based on
the Poisson estimates of an increase in AF in Olmsted
County between 1980 and 2000, has shown that the pro-
jected number of adults with AF for the year 2050 could
be 15.9 million (a 3-fold upsurge from 2000), if a con-
tinuous rise in the incidence of AF is present5 (Fig. 1).
However, even these projections may represent conser-
vative estimates because of silent AF.
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FIG. 1 Projected number of adults with atrial fibrillation in the United States by 2050. Modified from: Go AS et al.4 and
Miyasaka Y et al.5 ATRIA = AnTicoagulation and Risk Factors In Atrial Fibrillation.

The clinical significance of AF lies in increased risk
of stroke and congestive heart failure.6,7 Strokes in AF
are typically more severe and are associated with greater
disability. AF leads to more hospital admissions than
any other arrhythmia and according to recent surveys,
the number of AF-related hospitalizations almost tripled
in 2000 compared with two decades ago.8 Although
AF is classically caused by hypertension, heart fail-
ure, myocardial infarction, mitral stenosis, thyrotoxico-
sis, and alcohol, previously unrecognized risk factors,
such as obesity, metabolic syndrome, diastolic dysfunc-
tion, sleep apnea, psychological stress, and tall stature,
have emerged.9 Genetic predisposition to AF or specific
genetically predetermined forms of the arrhythmia have
also been described.10

The high lifetime risk for AF and increased longevity
underscore the important public health burden imposed
by AF across the world. The arrhythmia presently costs
approximately 1% of the health care budget in the United
Kingdom and France.11 On the basis of retrospective
analyses of 3 federally funded databases in the United
States in 2001 data, total annual costs for treatment of AF
were estimated at $6.65 billion, including $2.93 billion
(44%) for hospitalizations for AF, $1.95 billion (29%)
for the incremental inpatient cost of AF as a comorbid
diagnosis, $1.53 billion (23%) for outpatient treatment
of AF, and $235 million (4%) for prescription drugs.12

Silent Atrial Fibrillation

Recently, the challenge of asymptomatic or silent
AF has been recognized.13 The prevalence of sus-
tained silent AF is believed to be 25–30%, but mod-
ern implantable rhythm control devices, such as pace-
makers and cardioverter-defibrillators, have revealed that
up to 50–60% may have unsuspected episodes of the
arrhythmia, with almost half of these lasting more than
48 h.14 Pharmacological therapy and catheter ablation
have been shown to convert symptomatic into asymp-
tomatic AF.13,15 Patients with unrecognized AF do
not receive appropriate preventative therapy and are at
greater risk of stroke or, in the case of persistent rapid
ventricular rates, tachycardia-induced cardiomyopathy.

Mechanisms and Remodeling

Several theories emerged regarding the mechanism of
AF, which can be combined into two groups: the single
focus hypothesis (automatic focus, mother wave, fixed
rotor, moving rotor) and the multiple sources hypoth-
esis (multiple foci, multiple wavelets, unstable reentry
circuits, the combination of a single focus and mul-
tiple wavelets) (Fig. 2). Those who advocate the sin-
gle focus hypothesis believe that AF is due to a sin-
gle rapid macro-reentry circuit, with wavefronts ema-
nating from the primary driver circuit (rotor) breaking
against regions of varying refractoriness, giving rise to
irregular global activity characterizing the arrhythmia.16

A single focus fires at a regular but very rapid rate
which cannot be followed by the rest of the atrial tis-
sue in a 1:1 fashion, thus producing fibrillatory conduc-
tion.

According to the multiple sources hypothesis, elec-
trical activation in AF proceeds as multiple reentrant
wavelets separated by lines of functional conduction
block, generating irregular reentrant activity, which occ-
urs in a dyssynchronous fashion in various atrial regions
(multiple circuit reentry). These wavelets continuously
initiate themselves (leading circle reentry) or each other
(random reentry). The lines of the conduction block can
occur around the anatomical structures within the atria
with different inherent electrophysiological properties,
acquired anatomical obstacles such as scars, patchy fibro-
sis, stretch-induced longitudinal dissociation or areas of
myocardium at different stages of recovery and excitabil-
ity. Spatial orientation of atrial myocytes, structural
changes (e.g., increased cellular volume and sarcom-
ere misalignment), and gap junction properties play an
essential role. A critical mass of atrial tissue is required
to sustain the minimal number of simultaneous circuits
necessary for self-perpetuation of AF. Consequently, an
increase in left atrial size by 5 mm was found to amplify
the risk of AF by 40% in the population-based studies.17

Others held that AF was caused by multiple ectopic foci
producing fibrillation by virtue of dyssynchronous activ-
ity and colliding wavefronts.

Clinical Cardiology DOI:10.1002/clc
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FIG. 2 Mechanisms of atrial fibrillation. Reproduced with permission from: Crijns HJGM, Allessie MA, Lip GYH: “Atrial
Fibrillation: Epidemiology, Pathogenesis, and Diagnosis.” In: Camm AJ, Lüsher TF, Serruys PW (EDs): The ESC Textbook
of Cardiovascular Medicine. Blackwell Publishing Ltd, Oxford (2006).

With the development of methods to study car-
diac electrophysiology, these theories have been further
refined. Several lines of evidence point to the relevance
of both hypotheses to the mechanism of clinical AF,
probably with a different degree of involvement depend-
ing on the variety of AF (paroxysmal or persistent).
There is emerging experimental evidence suggesting that
certain cases of AF are maintained by small localized
reentrant sources (rotors) with dominant high frequency
that result in a hierarchical distribution of excitation fre-
quencies throughout the atria.18 Further to this theory,
waves emanating from relatively stable rotors in the left
atrium undergo complex, spatially distributed conduc-
tion block patterns as they propagate toward the right
atrium, manifesting as “fibrillatory conduction.” Others
found multiple wavelets rather than single rotors at the
sites with high frequency using models of sustained AF.

It has become obvious over the last few years that
atrial electrical properties are altered by sustained AF,
such that the atria become more susceptible to the initia-
tion and maintenance of the arrhythmia.19 Sustained AF
in turn induces further electrophysiological and struc-
tural alterations of the atrial myocardium, a process
known as atrial remodeling. Early in the development
of AF, tachycardia-induced calcium overload of atrial
myocytes prompts alterations in gene expression leading
to down-regulation of the L-type calcium current. This
results in a shortening of the atrial effective refractory
period in order to compensate for calcium overload at
the expense of a decrease in wavelength, thus promot-
ing multiple wave reentry (electrical remodeling). If AF
persists, ultrastructural changes such as increased cel-
lular volume, sarcomere misalignment, proteolysis and
loss of contractile elements and accumulation of glyco-
gen may occur, leading to atrial myopathy.20 Metabolism
of atrial myocytes also changes shifting to a more fetal

phenotype, so-called dedifferentiation. Further changes
involve remodeling of gap-junctions with reduction in
the expression of connexins Cx40 and Cx43. The con-
cept of electrical and structural remodeling is therefore
important as it explains why paroxysmal AF tends to
become chronic, why longer-lasting AF is harder to treat
and why AF recurrence is particularly likely in the first
few days after electrical cardioversion.

Angiotensin II-Mediated Remodeling

Recently, angiotensin II has been recognized as a key
element in atrial remodeling in association with AF.
Atrial stretch increases local synthesis of angiotensin
II. The density of angiotensin II receptors in the atria
is generally greater than in the ventricles, making the
atria more vulnerable to the effects of angiotensin. Sub-
sequently, stimulation of angiotensin II type 1 (AT-1)
receptors initiates a cascade of phosphorylation pro-
cesses that activate a family of mitogen-activated protein
kinases (MAP kinases).21 The MAP kinases promote
myocyte hypertrophy, fibroblast proliferation, accumu-
lation of collagen, and apoptosis, further contributing to
structural remodeling. In addition, angiotensin II mod-
ifies atrial electrophysiology by indirect effects on ion
channels and may also impair cell-to-cell coupling asso-
ciated with gap junction remodeling. There is strong
experimental evidence that angiotensin receptor block-
ers (ARBs) and angiotensin converting enzyme (ACE)
inhibitors can prevent electrical remodeling and reduce
interstitial fibrosis in heart failure or rapid atrial pac-
ing models of AF independently of the reduction in
intra-atrial pressures.22,23 These observations open the
possibility of exploitation of these agents to prevent or
delay atrial remodeling in patients with AF even in the
absence of routine indications for such therapy.

Clinical Cardiology DOI:10.1002/clc
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Stroke Prevention

Risk Stratification

A number of models have been devised to predict the
risk of stroke and the likelihood of benefit from therapy
with either warfarin or aspirin.24–28 Major risk factors
were identified based on the pooled analysis of 1,593
untreated patients from five primary prevention trials of
warfarin (known as Atrial Fibrillation Investigators’ risk
stratification model)25 and the results from 2,012 partic-
ipants from the aspirin arms of the Stroke Prevention in
Atrial Fibrillation (SPAF) I–III studies.26 All subsequent
risk stratification schemes used a combination of these
factors (Table 1).

The CHADS2 scheme is an amalgamation of the indi-
vidual risk factors: Congestive heart failure, Hyperten-
sion, Age >75 years, Diabetes mellitus, each of which
is assigned one point, and prior Stroke or transient
ischemic attack (TIA) which is given 2 points (hence,
the subscript “2”).27 The CHADS2 score system was
designed to simplify the determination of stroke risk in
general practice and is currently under validation. Using
this system, the stroke rate per 100 patient-years with-
out antithrombotic therapy is expected to increase by a
factor of 1.5 for each 1-point increase from 1.9 for a
score of 0 to 18.2 for the highest score of 6. The 2006
revised ACC/AHA/ESC guidelines for the management
of patients with AF employed risk factors recognized by
the AF and SPAF Investigators, but downgraded several
risk factors rendering them “less validated or weaker” on
the grounds of lack of evidence.28

Transesophageal echocardiography (TEE)-based risk
factors have also been identified, such as an enlarged
left atrial appendage with reduced inflow and outflow
velocities and spontaneous echo contrast or thrombi and
complex aortic plaque, but these risk markers are not rou-
tinely assessed in all AF populations.29 Assessment of
indexes of hypercoagulability and endothelial dysfunc-
tion or damage (e.g., von Willebrand factor, P-selectin,
fibrin D-dimer, thrombomodulin, etc.) for prediction of
stroke in AF remains a research tool.

A plethora of large randomized clinical trials have
convincingly demonstrated the benefits of oral antico-
agulation. Warfarin has consistently reduced the risk of
ischemic stroke or systemic embolism by about two
thirds compared with no treatment and by 30–40% com-
pared with aspirin in high-risk patients with AF.30 How-
ever, the effect of warfarin is sensitive to changes in
diet, liver function, and drug interactions involving the
P450 cytochromes and the drug has a very narrow ther-
apeutic window. Consequently, a subtherapeutic INR of
1.5–1.9 reduced the preventive efficacy of warfarin by
a factor of 3.6 in AF patients under 75 years and by a
factor of 2 in patients over 75 years compared with the
recommended INR values.31 Risk of intracranial hemor-
rhage with controlled anticoagulation is small (0.3–0.5%
per 100 patient-years), but it increases exponentially to

2.7% per 100 patient-years at INR values between 4
and 4.5 and to 9.4% per 100 patient-years when an INR
exceeded 4.5.

Novel Pharmacological Therapies

Anticoagulant drugs with novel mechanisms of action
are currently at different stages of clinical investigation
(Table 2).32 These agents have theoretical advantages
compared to conventional therapy: rapid achievement of
therapeutic effect, more dependable pharmaco kinetics
and lack of interactions, and no need for anticoagulation
monitoring. Some of these agents have proven noninfe-
rior to warfarin in stroke prevention and marginally supe-
rior to warfarin with regard to bleeding rates. However,
the development of ximelagatran (AstraZeneca, London,
U.K.), an oral direct thrombin inhibitor, has been termi-
nated because of excess liver enzyme elevation in about
6% of patients and drug-related liver failure and death
after the long-term exposure.

Dabigatran (Boehringer-Ingelheim) has the potential
to become a replacement for warfarin in various clinical
settings, but further work is needed to establish the safety
and efficacy of this agent for the long-term use in AF.
Pooled analysis of the dose-ranging, 12-week Prevention
of Embolic and ThROmbotic events (PETRO) study
(n = 502) and its open-label extension PETRO-EX
study (n = 353) in patients with persistent AF and risk
factors for stroke has shown that the efficacy and the
adverse event rates of dabigatran 150 mg twice daily are
comparable with those of dose-adjusted warfarin. The
drug has recently entered a phase III randomized clinical
trial of the prevention of stroke and systemic embolism
(a primary endpoint) in AF. The Randomized Evaluation
of Long-term anticoagulant therapY (RELY) trial, which
started in December 2005, will randomize approximately
15,000 patients with AF to 2 blinded doses of dabigatran
(150 mg twice daily or 300 mg once daily) or open-
label warfarin. However, liver involvement may be an
inherent safety issue with oral direct thrombin inhibitors,
although the reported incidence of a significant (>3-fold)
increase in liver enzymes was lower with dabigatran
(approximately 2%) than with ximelagatran.

Indirect factor Xa inhibitors, such as fondaparinux
and its longer acting congener idraparinux (both sanofi-
aventis), are synthetic analogs of the pentasaccharide
sequence of heparin that irreversibly inhibit factor Xa
via antithrombin III-mediated mechanisms and can be
administered subcutaneously or intravenously (fonda-
parinux). Idraparinux has the advantage that it can be
administered only once a week; its anticoagulant effect
has a rapid onset within 2 h and is predictable therefore
obviating the need for coagulation monitoring. However,
there are concerns about potential risks of irreversible
factor Xa inhibition in the long-term and the current lack
of any specific antidote. Biotinylated idraparinux (SSR
126 517), which can be neutralized by a protein avidin,

Clinical Cardiology DOI:10.1002/clc
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(A) (B) (C) (D)

FIG. 3 (A) A percutaneous left atrial appendage transcatheter occluder (PLAATO, ev3 Inc., Plymouth, Minn., USA) in
the left atrium before its release from the delivery catheter. The implant is constructed of a nitinol frame covered with an
occlusive expanded polytetrafluoroethylene membrane. Small anchors along the frame and passing through the occlusive
membrane assist with device anchoring. (B) A cineangiographic frame of the PLAATO device before its release into the
left atrial appendage. (C) A cineangiographic frame of the PLAATO device after its deployment in the left atrial appendage.
(D) The device in-situ as seen on a plain radiograph.

is currently under investigation. Unlike pentasaccharides
for parental use, fondaparinux and idraparinux, new oral
factor Xa inhibitors, such as rivaroxaban (BAY 59–7939,
Bayer), apixaban (BMS-562 247, Bristol-Myers Squibb,
New York, N.Y.), YM150 (Astellas Pharma Inc., Tokyo,
Japan), inhibit factor Xa directly, without antithrombin
III mediation, and therefore have the advantage of target-
ing both free factor Xa and inactivated factor Xa bound
to platelets within the prothrombinase complex. Large-
scale, phase III studies of rivaroxaban and a pixaban in
AF are under way.

With the advent of more potent antiplatelet agents with
better adverse event profiles such as clopidogrel, com-
bined antiplatelet therapy might be more effective than
aspirin alone or might be an alternative treatment to oral
anticoagulation. However, the Atrial Fibrillation Clopi-
dogrel Trial with Irbesartan for prevention of Vascular
Events (ACTIVE) failed to show equivalence of com-
bined antiplatelet therapy (aspirin and clopidogrel) over
dose-adjusted warfarin in 6,706 high-risk AF patients.33

The study was stopped prematurely due to clear evidence
of superiority of conventional anticoagulation therapy.
The efficacy of combination therapy with clopidogrel and
aspirin may be more effective than either drug alone in
patients who have contraindications or are unwilling to
take warfarin.

Device Therapies for Stroke Prevention

A battery of novel mechanical approaches for the
prevention of cardio-embolic stroke has recently been
evaluated, including two devices for percutaneous occlu-
sion of the left atrial appendage: percutaneous left atrial
appendage transcatheter occluder, PLAATO, ev3 Inc.,
Plymouth, Minnesota) (Fig. 3) and WATCHMAN left
atrial appendage system (Atritech, Inc., Minneapolis,
Minn., USA). In 108 patients with a mean CHADS2
score of 2.5, who received a PLAATO device, the annual
rate of stroke was 2.2% compared with an expected
annual risk of 6.3% for this population, an estimated 65%
reduction in risk.34 The preliminary experience with the
WATCHMAN device in 66 patients showed satisfactory
overall feasibility and safety. A multicenter prospective

randomized study the WATCHMAN left atrial appendage
system for embolic PROTECTion in patients with Atrial
Fibrillation (PROTECT AF) duly will assess the effects
of the device on the incidence of stroke, transient
ischemic attacks, systemic embolism, and cardiovascular
death compared with dose-adjusted warfarin in approxi-
mately 500 AF patients with one or more CHADS2 risk
scores.36 The study started in December 2005 and will
continue for 5 years.

Left atrial appendage isolation using the purse string
technique, neck ligation, or surgical staplers via thora-
coscopy, limited sternotomy, or as adjunct to open heart
surgery, may also be considered for prevention or reduc-
tion of thromboembolism. The pilot study in 77 patients
has demonstrated that the procedure is safe and can
be performed at the time of coronary bypass grafting,
without significantly prolonging the time of surgery.37

However, the operation does not offer an absolute pro-
tection against stroke and complete occlusion of the left
atrial appendage is technically challenging. A random-
ized, safety and feasibility study of the adjunct surgical
closure of the appendage in 2,500 patients, Left Atrial
Appendage Occlusion Study (LAAOS), is under way.

Emboli from the aortic arch and carotid arteries can
account for 30–40% of embolic strokes. A permanent
intra-arterial device (Diverter, MindGuard Ltd., Israel)
is intended to filter the blood, which may contain clots
and particles and prevent the embolic material from
reaching intracranial circulation. A self-expandable tubu-
lar mesh device is deployed during a standard percuta-
neous endovascular procedure at the bifurcations of both
common carotid arteries and diverts emboli>0.5 mm
from the internal to the external carotid artery. Although
there have been reports of successful implantation of the
Diverter in humans, no data are available on its efficacy
and safety compared with conventional therapy.

Conclusions

AF is likely to affect 2.5–3% of the population by 2050.
Most of those who suffer from the arrhythmia will be
over 70 years of age. The most significant risk associated
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with AF is arterial thromboembolism and stroke. Con-
ventional anticoagulant therapy is highly effective but is
not consistently applied to all those at risk because of the
inconvenience of regular INR monitoring and fears relat-
ing to bleeding complications. Although a broad array of
new antithrombotic drugs are being investigated only a
few have proven effective and safe and have reached the
final stage of development. Agents with principally novel
mechanisms of action are in the pipeline of many pharma-
ceutical companies. Device therapies for stroke prevention
have been evaluated in small clinical trials, but they have
not yet gained widespread clinical application.
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